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Small silver nanoclusters are synthesized using polycytosines as matrices. Different 
size silver nanoclusters ranging from Ag1 to Ag7 exhibit bright emission maxima at blue 
(480nm), green (525nm), red (650nm), and IR (720nm) wavelengths with varying the 
excitation wavelengths. With electrophoresis, correlation of emission with mass spectra, 
the Ag cluster sizes are identified with blue emitters as Ag5, green emitters as Ag4, red 
emitters as Ag3, and IR emitters as Ag2. Ag4 and Ag5 appear to be partially oxidized 
while Ag2 and Ag3 are likely fully reduced. 
Silver cluster stability and their dynamics are observed from silver clusters 
encapsulated by polycytosine (Cm:Agn). From length study of polycytosine, the longer the 
polycytosine is, the more stable the larger clusters such as Ag5 are. In time-dependent 
optical measurements, isosbestic points are observed from Cm:Agn by converting red and 
IR species into blue and green species, while in the case of temperature-dependent optical 
properties, with increasing temperature, the blue (oxidized Ag5) and green (oxidized Ag4) 
emitters convert into the red (Ag3) and IR (Ag2) emitters. NaCl-dependent optical 
measurements support the assignments of oxidized and fully reduced silver emitters. 
Circular dichroism (CD) is used to investigate conformational changes in Cm and Cm:Agn 
with varying conditions (time, temperature and NaCl) and the studies indicate that no 
conformational changes in Cm:Agn are observed from the time and temperature, while the 
conformational changes in Cm:Agn are observed from the NaCl studies. From pH-
 xiii 
dependent emission study of Cm:Agn, the silver nanocluster dynamics slow down at high 
pH.  
Using confocal microscopy technique, single molecules on IR species, C12:Ag2 are 
investigated and demonstrate that C12:Ag2 is brighter and more photostable than Cy5 
which is known to be one of the best IR dyes. With low excitation power, molecules can 
be monitored for hours, giving bright blinking free, stable fluorescence. The photophysics 






1.1 Motivation.  
Noble metals exhibit a variety of behaviors from bulk to clusters. At the bulk level, 
they are good conductors since they are devoid of a band gap.(1) When sufficiently small 
to preclude the continuous density of states of the bulk, silver nanoclusters exhibit strong 
fluorescence from discrete energy levels.(2-6) Molecular silver nanoclusters (Ag2 to Ag8) 
and their charged counterparts have been reported to strongly fluoresce in the visible 
spectrum within rare gas matrices, on silver oxide surfaces, as well as in aqueous 
solutions.(7-13) These small silver nanoclusters show molecular behavior with well-
defined electronic structures identified by both experiments and calculations.(2, 8, 10-12, 
14-18) While mass selection and soft landing methods enable control and study of few 
atom Ag nanocluster properties,(19-22) such size control in aqueous solutions is greatly 
complicated by aggregation and reactivity. Some success has been reported by using 
poly(amidoamine) dendrimers (PAMAM) as matrices to create several atom silver 
clusters in aqueous solutions.(23) PAMAMs have been shown to stabilize Ag 
nanoclusters while the surrounding polymeric matrix at least partially protects the 
nanoclusters from aggregation. Biological macromolecules such as peptides have also 
served as templates to synthesize silver nanoclusters.(24, 25) The amine functional 
groups of peptides assemble silver cations and then protect the growing nanoparticle 
against aggregation after reduction of the cations.(24, 25) Our attention has been directed 
to another biological system, DNA. Since the 1960s, it has been well known that metal 
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cations selectively interact with DNA bases.(26-32) With the high affinity of DNA bases 
toward metal cations, silver ions can be localized and then reduced to form silver 
nanoclusters.(33-38)  
A reason to control the size of metal nanoclusters is to understand and manipulate 
the size-dependent electronic and optical properties.(39-45) Small (2-8 atoms) Ag 
nanoclusters are of particular interest since they exhibit very strong absorption and 
emission.(3, 13, 46, 47) Thus, small silver nanoclusters may serve as ideal fluorophores 
for single molecule spectroscopy and biological labels. 
This thesis is devoted to create few-atom or molecular-scale silver nanoclusters 
utilizing DNA as a template. Polycytosines were found to be good matrices to tune and 
narrow the distribution of silver nanocluster sizes in aqueous solutions. Their bright 
photostable emission in bulk and on the single molecule level may serve as a new class of 
emitters for biological labeling.   
1.2 Electronic structure of metal clusters. 
As bulk metals reduce in size to the nanometer scale (nanoclusters), the transition 
from metal to molecule occurs. Instead of forming continuous densities of states and 
behaving as conductors, few-atom metal nanoclusters maintain discrete energy levels. In 
1937 Frohlich discovered the discreteness of electronic energy levels from small metal 
particles and in 1962 Kubo proposed that the discrete electronic energy level caused the 
small metal particles to behave abnormally at low temperature.(48, 49) Considering the 
continuous states of bulk metal described by band theory, Frohlich and Kubo suggested 
that as the size of the metallic particle decreases, the electronic energy levels become 
discrete and the energy level spacing of the small metal particles δ is given by(50)   
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N
EF=δ ,                                                           (1.1) 
where EF is the Fermi energy of the bulk metal and N is the number of atoms in the 
particle. DiCenzo and Wertheim(51) proposed that the energy level spacing for the bulk 
metal is equal to or less than thermal energy, kT, thereby enabling the electrons to freely 
flow at room temperature. Thus, for discrete levels to be observed, the equation 1.1 above 
must satisfy(50)  
kT
N
EF ≥=δ ,                                                 (1.2) 
However, as the size of the metal particle becomes smaller, the energy spacing for the 
smaller metal particles becomes larger than kT. Thus, thermal energy is no longer 











Figure 1. Transitions of electronic structures of metal from bulk metal (right) to small 
nanoclusters. Reproduced from reference (1). 
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1.3 Jellium Model 
In the early 1980’s, a periodic pattern of intense peaks in the mass spectra of alkali 
metal clusters NaN was observed by Knight and co-workers.(52) The Na clusters with 
N=2,8,18,20,40,58, which are called magic numbers, have greater stability than do 
others.(52) This magic pattern in stability can be explained by a model called the jellium 
model.(52) Due to a strong electron shielding effect, valence electrons of noble metal 
atoms are considered to move freely after neglecting electron-electron and electron-ion 
interactions. In this model, the cluster is considered to be a uniformly positively charged 
sphere with electrons that can move freely in this sphere. This model can be used in the 
case the valence electrons are weakly bound like for alkali and noble metals such as 
silver and gold.(1) The jellium model is a simple quantum mechanical system with 
quantized electron energy levels rising resulting from the boundary conditions imposed 
by a 3-D harmonic potential. The Schrodinger equation is solved for a one-electron 
particle confined within a sphere by an attractive central potential due to the nuclei cores 
and yields electronic energy level spacing δ as the following equation.(52)  
N
EF
3/1=δ                                                               (1.3) 
where EF is the Fermi energy of the bulk metal and N is the number of atoms (assuming 
one free electron per atom) in the particle. This equation describes how the electronic 
structures of alkali clusters changes with the number of free electrons. 
 The jellium model describes not only electronic structures of Na clusters but also 
other metals electronic structures.(1) Rademann and coworkers reported that ionization 
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energies of Hgn decrease with increasing number of atoms per cluster and approximately 
follow N-1/3. (53) Knight et al. observed N-1/3 size-dependence in the ionization potential 
of potassium clusters KN (N <100). (54) The Skala group also found that the binding 
energy of Li clusters has N-1/3 size-dependency.(55) This set of studies clearly 
demonstrated that electronic structures of simple metal clusters were described by the 
spherical jellium model. 
1.4 Silver cluster formation in the gas phase. 
While high conductivity is observed from bulk metals, non-metal-like discrete 
energy levels are observed in molecular-scale metal particles.(1) This molecule-like 
behavior of metal clusters fascinated researchers to investigate noble metals in different 
size domains in order to understand and manipulate the size-dependent properties. Figure 

















Figure 2. Schematic illustration of productions of clusters, size selection and deposition. 
Adapted from reference (56).  
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Historically, in order to create metal clusters, inert gas ions or pulsed lasers are used to 
target a rod of material of interest.(56) After the atoms or molecules are produced in the 
gas phase, nucleation occurs where the atoms or molecules are cooled down to form a 
cluster nucleus.(56) One way to remove the excess energy is that dimers form and a third 
atom collides with the dimer, taking extra energy away from the dimer as kinetic energy 
(e. g. A + A + A (KE1)  A2 + A (KE2 > KE1)).(56) Inert gases can similarly cool the 
clusters through collision and deactivation. After nucleation, clusters grow from the 
nucleation site. Those clusters formed in the previous step can also remove excess energy 
by evaporation. The cooling through evaporation occurs by losing one or more atoms 
with bond breaking. The deattached atom or atoms carry the excess energy as kinetic 
energy. This is depicted in the following: AN (T1)  AN-1 (T2 < T1) + A (KE).(56) After 
the clusters are formed, they must be separated according to their size, usually performed 
via ionization and deflection in either a magnetic or electric field according to their mass 
to charge ratio. The ionized clusters are produced by methods of electron impact 
ionization or photoionization.(56) By the method of electron impact ionization, thermal 
electrons or a focused electron beam is used to knock off electrons. With the method of 
photoionization, a laser is used to generate cationic clusters by tuning excitation energy to 
a cluster absorption resonance. After size selection using mass spectrometry, clusters can 
be deposited on an inert substrate (such as graphite, silicon and oxides) for investigation, 
or trapped with rare gas matrices (10, 11, 57-61). 
Molecular scale silver nanoclusters have been created by a variety of methods (58-
63), but primarily mass selection and soft-landing methods (10, 11, 60) after cooling with 
an inert gas. Depending on the creation conditions, various optical properties were 
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reported. Meyer et al. reported on depositing Ag2 and Ag3 on cooled sapphire or 
CaF2.(20) In this experiment, Kr+ was used to create cationic silvers and a Bessel 
Box(22) was used to filter the energy of the clusters, then a quadrupole mass filter was 
used for mass selection. Before depositing on the substrate, the Kr gas was used to 
dissipate the energy of the cationic silvers that were subsequently neutralized by low 
energy electrons. By dissipating energy to the inert gas, the neutralized silver clusters can 
be deposited on the substrate softly (soft landing) to minimize fragmentation and 
interaction on the surface. With soft landing, interaction with the substrate causes the 
electronic structure of the clusters to be minimally perturbed.(1) In the case of dimer, 
excitations at 275 and 390 nm were observed,(20) while the trimer has absorptions at 331, 
364, 402, 421, 458 and 514 nm and emissions at 381, 560 and 626 nm.(20) Kern et al. 
further investigated soft-landing methods for nondestructive cluster deposition.(22) 
Similar methods were used for production of the cationic silver clusters, control of kinetic 
energy and their mass selection.(22) The silver clusters were deposited onto a Pt substrate 
at 80 K or 90 K or into a preadsorbed Ar layer at 26 K.(22) The Ar layer was preadsorbed 
on the substrate to dissipate the kinetic energy of the clusters. The clusters were 
characterized using variable-temperature STM.(22) Kern was able to illustrate control of 
soft-landing nanoclusters using a rare-gas layer by comparing the clusters formed by hard 
landing with the clusters deposition by soft-landing.(22) Buttet et al. reported on optical 
properties of Ag8 in argon matrix and argon droplets.(64) The silver clusters (Ag8) in an 
argon matrix were created using the same method as Meyer.(20) A pick-up method was 
used to produce Ag8 in argon droplets.(19, 65) A beam of argon passed through silver 
vapor and picked up silver atoms that aggregate in the argon matrix to form clusters.(65) 
 10 
The deposition of Ag8 occurred at low temperature (below 25 K).(64) An emission peak 
at 321 nm with a 312 nm excitation was observed from Ag8 in Ar matrix,(66) while 320 
nm emission peak excited with white light was observed from Ag8 in Ar droplets.(19) 
The excitation spectrum of Ag8 in Ar matrix was recorded to compare it with the 
excitation of Ag8 in helium droplets.(19, 67) The excitation spectrum with 312 nm 
maximum of Ag8 in Ar matrix was in excellent agreement with the excitation of Ag8 in 
helium droplets.(66) Fedrigo et al. reported the optical properties of Ag2 and Ag3 in argon 
matrices deposited on a cooled CaF2.(68) Ag2 shows absorption at 237, 262 and 273 nm, 
giving rise to 278 nm and 479 nm emissions from the 237 nm absorption, 286 nm and 
479 nm emissions from the 262 nm absorption and 298 nm and 479 nm emissions from 
the 273 nm absorption. On the other hand, the absorption at 242.5, 255, 384 and 441 nm 
of Ag2 gave rise to an emission at 476 nm.  In the case of trimer (Ag3), the excitations at 
321, 331 and 350 nm resulted in an emission at 374 nm, while the excitations at 386, 402, 
423, 444 and 492 nm resulted in the emissions at 616 and 705 nm. Fluorescence and 
absorption spectra of Ag4 codeposited on a cold sapphire plate with an argon matrix were 
reported by Felix et al.(9) Ag4 gives rise to an emission band centered at 458 nm from 
multiple absorption bands at 235, 251, 258, 262, 268, 273, 299, 387 and 405 nm. In 2004, 
Schulze reproduced the fluorescence spectra of dimers and trimers deposited in Ar 
matrix.(11, 12, 69) The maximum fluorescence intensities are observed at 478 and 620 
nm, while lower fluorescence intensities were observed at 699 and 954 nm.(69) They 
assigned the fluorescence at 478 nm and 620 nm to Ag2 and Ag3 emission and the 
fluorescence at 699 nm to Ag3 only emission. It is unknown which silver clusters give 
rise to 954 nm emission.(69) 
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Not only optical properties but also stability of silver nanoclusters were reported. 
For example, Alameddin et al. recorded the mass spectra from ionized silver clusters and 
the discontinuities of ion abundances were observed.(70) The ionization potentials for 
different cluster size are determined and even numbers of silver clusters such as 8, 20, 34, 
40 and 48 have high ionization potentials. Figure 3 shows the ionization potentials for Ag 
clusters. These stable clusters and even-odd alternation is consistent with spherical 




Figure 3. (a) Mass spectra obtained from ionized silver clusters (b) ionization potentials 
for Ag clusters. Reproduced from reference (70). 
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Taylor et al. reported that electron affinities of silver clusters (Ag1-60) followed an even-
odd alternation pattern.(71) The even-odd alternation patterns of silver nanoclusters are 
also observed by Ho et al.,(72) Handschuh et al.(73), Katasuke et al.(74) and Zhao et 
al.(75) 
Silver and silver nanoclusters have well known catalytic properties.(76, 77) It is 
used for example in the production of formaldehyde from methanol and in the production 
of ethylene oxide from ethylene.(76-78) By creating nanoclusters of silver, this can 
greatly increase the active area of the catalyst and reducing the amount of catalyst that is 
needed. The silver cluster might also show additional catalytical properties that may be 
different from bulk silver.(79, 80) 
1.5 Silver cluster formation in aqueous solutions.     
Henglein et al. investigated optical properties of silver clusters in aqueous 
solutions.(81-85) Creating silver clusters in aqueous solutions is challenging due to 
aggregation issues.(1) In his work, polyphosphate was used as matrix to protect the silver 
clusters from aggregation. The silver cluster solutions were made by mixing silver nitrate 
(AgNO3) and sodium polyphosphate (Na2O(NaPO3)n) with alcohol. The mixtures were 
deaerated and exposed to γ-rays for reduction of the silver clusters. The alcohol was used 
to scavenge hydroxyl radicals. The following reduction process was elucidated in the 
formation of silver clusters.(82) At first, water was broken down to a hydrogen atom (H) 
and a hydroxyl radical (•OH) using γ-rays. The hydroxyl radical subsequently reacts with 
alcohol (CH3OH) to form organic radicals (•CH2OH). 
•OH(H•) + CH3OH  H2O(H2) + •CH2OH                              (1.4.1) 
The next step is that the organic radicals react with silver ions to reduce the silver ions.  
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 •CH2OH + Agnx+  CH2O + Agn(x-1) + H+                           (1.4.2) 
The radicals are considered to be strong reducing agents.(86) After the silver clusters are 
formed in solution, the absorption of the silver clusters was measured. The absorbance 
bands at 360 nm, at 310 nm, and at 275 nm are from Ag, Ag2+ and Ag42+, respectively. It 
is reported that Ag42+ species are stable for hours in the presence of air.(81, 84, 85, 87) 
Henglein suggested several mechanisms to form Ag, Ag2+ and Ag42+.(82, 85) The first 
mechanism is described in the following reaction. Ag+ is reduced by hydrated electrons 
produced from γ-rays.(82) 
Ag+ + eaq-  Ag0                                                   (1.4.3) 
The Ag0 rapidly complexes with Ag+.(82)  
Ag0 + Ag+  Ag2+                                                (1.4.4) 
Subsequently, Ag2+ dimerize. (82) 
2Ag2+  Ag42+                                                    (1.4.4) 
Another mechanism is described using the standard potentials of the silver 
electrode as a function of agglomeration number of silvers.(82) The standard potentials of 
silver atom, silver dimer and silver trimers were calculated using the thermodynamic 
properties of the clusters in gas phase(88) and the free enthalpy of sublimation of 
silver.(89) Figure 4(85) shows the standard potentials of the silver electrode as a function 
of agglomeration number of silvers. Since the thermodynamic properties above Ag3 are 
not known, the dashed lines after Ag3 to Ag15 are estimated values. As shown in Figure 4, 
as the number of the silver atoms increase to infinity (bulk), the potentials become more 
positive and approach to +0.799 V. This is the conventional value for the silver electrode. 
In contrast, the standard potential of the Ag atom is –1.8 V. This means that an Ag atom 
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can be a reducing agent to many inorganic and organic compounds. For silver dimer, the 
potential is close to 0 V, while the potential of the trimer is close to –1.0 V. This suggests 
that the Ag3 is more likely to lose an electron than is Ag2: (82) 
Ag3  Ag2 + Ag+ + e-                                              (1.4.5) 
The dimer might interact with silver ions to form Ag42+: (82) 
Ag2 + 2Ag+  Ag42+                                               (1.4.6)  
The potential for this reaction is even more positive, thereby indication that Ag42+ is an 




Figure 4. The electrochemical standard potential of the silver microelectrode vs the 
agglomeration number of the silver atoms. Reproduced from reference (82). 
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More recently, another method of making silver clusters in aqueous solutions was 
reported by using dendrimers as scaffold.(3, 13) The preparation for creating silver 
clusters is very simple. The dendrimer (PAMAM) and silver nitrate were mixed and the 
silver ions were photoreduced. The dendrimer is a good matrix to at least partially protect 
the silver clusters from aggregation and is water-soluble. Droplets of the solution were 
placed on a cover slide and by using blue excitation (maximum at 480 nm) from a Hg 
lamp, fluorescence of the silver clusters encapsulated in the dendrimer was recorded on a 





          
Figure 5 (a) cartoon of the silver clusters encapsulated in the dendrimer (b) Fluorescence 




The fluorescence image shown in Figure 5(b) is presumably multicolored due to the 
formation of differently sized silver clusters.(13) Although some progress in creating 
silver clusters in aqueous solutions was made with dendritic scaffolds, there is a difficulty 
to create them in high concentration without aggregation.  
One promising solution has been to utilize biological macromolecules such as 
peptides to encapsulate and stabilize the silver nanoclusters.(25) Yu et al. reported 
fluorescence from silver nanoclusters encapsulated by short peptides, 
HDCNKDKHDCNKDKHDCN, in aqueous solutions. Lysine (K), Aspartic acid (D) and 
Cysteine (C)-rich strands were chosen since silver ions are known to have higher affinity 
for K, D and C.(25) The silver clusters encapsulated by the peptides were able to enter 





Figure 6. (a) the excitation (monitoring at 630 nm emission) and emission spectra excited 
at 400 nm of silver nanoclusters encapsulated by a short peptide, 
HDCNKDKHDCNKDKHDCN. (b) Fluorescence image of a cell loaded with the 
peptide-encapsulated silver nanoclusters. Reproduced from reference (25). 
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In this work, we have used another biological system, DNA, which is known for high 
affinities to bind to silver ions.(90-93)  
1.6 Silver Ion-DNA Interaction. 
In 1962 Yamane and Davidson reported a strong interaction between DNA and 
Ag+.(92) Using calf-thymus DNA, absorption of the DNA was monitored before and 
after addition of Ag+. With addition of Ag+ the absorption of the DNA (at 260 nm) was 
shifted, thus they suggested that the electronic structure of DNA was perturbed. Since the 
absorption of DNA results from heterocyclic bases (pyrimidine and purine) but not from 
sugar-phosphate backbones, they concluded that Ag+ was likely binding to the bases (not 
the negatively charged sugar-phosphate backbone). They also changed the ratio (r) of 
silver ions to bases and investigated the change in absorbance according to the different 
ratio (r) of Ag+ to bases. They reported that for 0 < r < 0.2, one complex was observed, 
having a characteristic absorbance and strong binding to Ag+. On the other hand, another 
complex was observed for 0.2 < r < 0.5, having different absorbance and weaker binding 
towards Ag+. In 1967, Eichhorn et al. further studied interactions of individual bases, 
adenosine (A), cytidine (C) and guanosine (G) (except thymidine (T)) to Ag+ in different 

























Figure 7. Structures of (a) Adenine, (b) Guanine, (c) Thymine and (d) Cytosine. 
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For A and C, a significant absorbance change was observed between pH 6 and 9 
with the addition of Ag+, while the absorbance change for G occurred between pH 4 and 
6. Besides the absorption study, the solutions of Ag+-A, Ag+-C and Ag+-G were titrated 
with 0.01 N NaOH. They concluded that the silver ions replaced a proton from the amino 
group from A and C, while the silver ions bond at the N1 position or oxygen on C6 for G. 
They extended the studies to polyadenine (poly A) and polycytosine (poly C). Similar 
results (absorption and titration) as the nucleoside were observed from the polynucleotide 
silver complexes. Arya and Yang investigated silver polynucleotide complexes using 
circular dichroism (CD).(91) (CD is described in detail in the experimental section.) The 
CD spectra of poly C/Ag complexes between 200 and 250 nm were remarkably different 
from the spectra of the uncomplexed poly C. Furthermore, the CD spectra of the poly 
C/Ag complexes stopped changing when the ratio of Ag+ to bases reached 0.5. In contrast, 
no change in the CD spectra for poly A and poly G was observed after the ratio of Ag+ to 
bases reached 1. At last, they suggested that single-stranded polynucleotides cross-linked 
to form a duplex mediated by silver ions. From all evidence shown above, silver ions 
prefer to bind with nucleotides, thereby changing the electronic configuration of the 
bases.(90-92, 94) By taking advantage of strong affinities of silver ions toward bases, the 
silver ions can be reduced to form small silver particles.  
1.7 Limitations of Current Dyes for Biological Imaging at The Single Molecule Level.   
Although there are numerous dyes exhibiting different photophysical 
properties,(95, 96) organic dye-based single molecule and even bulk in vivo imaging 
dynamics studies suffer from poor photophysical properties of the organic dyes. For 
example, imaging intracellular dynamics with organic dyes is limited by low probe 
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brightness, (97, 98) poor photostability (99, 100) and oxygen sensitivity. (101) These 
problems become especially severe in single molecule studies. Advances in 
nanotechnology have led researchers to use quantum dots as alternative imaging agents. 
Compared with organic dyes, quantum dots are brighter, resistant to photobleaching, 
readily excitable with low intensity sources and have large two-photon cross sections. 
(102, 103) However, toxicity, (100, 104) power-law blinking, (105-108) and large probe 
size (109, 110) cause problems when utilized for tracking or imaging studies.(104) 
Derfus et al. reported that CdSe-core quantum dots were toxic to live cells. For specificity 
in cells, quantum dots are typically functionalized by attaching primary and biotinylated 
secondary antibodies to streptavidin-conjugated quantum dots. (100, 111-113) Thus, the 
large ~20 nm diameter functionalized quantum dots affect cellular uptake and have 
limited accessibility in live cells.  
Although optical imaging expands the opportunities to study biological systems, 
there is a major drawback using UV and visible light. Biomolecules in cells have higher 
absorption and scattering in this range of wavelengths, thereby reducing light penetration 
through tissue. Additionally, many intracellular species exhibit weak fluorescence when 
illuminated at these wavelengths, thereby increasing background. However, there is low 
biomolecular and water absorption in the near infrared (NIR) region. Hence, creation of 
bright near-infrared fluorophores is an important goal for tracking or imaging studies. 
The problem with NIR dyes is that they generally have a low quantum yield because of 
the low energy difference between the excited and ground states. This increases the rate 
of nonradiative relaxation so that it becomes competitive with radiative decay 
(fluorescence).   
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In comparison with other NIR fluorescent dyes (e.g. polymethine(114), 
diphenylmethane(115, 116), quinone(117) , azo dyes(118)) Cy5 is brighter and has a 
good quantum yield (20 % in phosphate buffer saline (PBS)) (119). These properties 
allow it to be used for imaging studies. However, it shows strong blinking. Blinking 
occurs when a molecule temporally undergoes transition from emissive state (on state) to 
non-emissive state (off state).(120) For organic dyes, blinking is often caused by a triplet 




Figure 8. Diagram of three-state level. λex and λem is an excitation  and emission 
wavelength, respectively. VR, ISC and T stand for vibronic relaxation, intersystem 
crossing and phosphorescence, respectively. 
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As a single molecule is excited to a singlet state (S1), it can relax to a ground state (S0) by 
emitting light after staying at S1 for certain time (ps to ns) or it can go to a triplet state 
(T1) without emitting. When the molecule stays in the triplet state (μs-ms regime 
generally), no light can be emitted. Then, the molecule relaxes from the triplet state to the 
ground state either non-radiatively or by phosphorescence. In the case of Cy5, blinking is 
caused partially by cis-trans isomerization and partially by the triplet state.(121) Blinking 
is a major drawback of these materials as single molecules for tracking or imaging 
because no fluorescence information can be obtained. Consequently, for both in vitro and 
in vivo single molecule studies, fluorophores with high emission rates and excellent 
photostability must be identified that are completely devoid of blinking on all relevant 
timescales. 
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2 EXPERIMENTAL SECTION 
 
2.1 Optical characterization. 
The size distribution of silver nanoclusters in aqueous solutions was controlled by 
using polycytosine as a template. The optical properties of polycytosine-Ag complexes 
were studied by using a Photon Technology International (PTI) fluorometer, a Shimadzu 
UV-2401 PC spectrophotometer, and a Jasco J-710 spectropolarimeter (Circular 
Dichroism). The optical properties of individual polycytosine-Ag molecules were also 
characterized for application as fluorescent dye and biological labeling on the single 
molecule level.  
2.2 Synthesis of Cm:Agn solutions. 
Silver nitrate (Sigma-Aldrich, 99.9999%) and sodium borohydride (Aldrich, 98%) 
were used without further purification. Oligonucleotides (Integrated DNA Technologies) 
were desalted by the manufacturer and peptide nucleic acid (PNA) was synthesized and 
HPLC-purified by PANAGENE Inc. Oligonucleotides with lengths of 8, 12 and 24 bases 
of cytosine and PNA, 5’-(C)m-3’ (m = the number of bases), were received as solids and 
dissolved in deionized water. The oligonucleotides and AgNO3 solutions (1 Ag+/2 bases) 
were mixed and cooled to 0°C with ice.(91, 122, 123) After 10 minutes, the solutions 
were reduced with NaBH4 and shaken intensively to form silver nanoclusters (Cm:Agn). 
The NaBH4 was dissolved in deionized water and added within 30 seconds. PNA 
solutions were made using the same procedure as the oligonucleotides. The solvents for 
all solutions were deionized water unless otherwise mentioned.   
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2.3 Electrospray Ionization Mass Spectrometry. 
Electrospray Ionization (ESI) is a useful technique to analyze and determine the 
molecular mass of large non-volatile biomolecules, with very low fragmentation due to 
its gentle ionization process. The mass spectrometer consists of three basic parts; ion 
source, mass analyzer and detector.(56) A Quattro LC ESI mass spectrometer was used to 
measure masses of the silver nanoclusters in various oligocytosines. Fifty μL of aqueous 
Cm:Agn solution were injected into the ESI capillary needle. At the tip of the capillary, a 
2.5 kV voltage was applied in order to form charge droplets. The solvent evaporated from 
the droplets by using a warm counter flow of N2, thereby causing the droplets to shrink in 
size. Droplets are exploded due to the surface tension being overcome by the charge 
density. Eventually, the ions desorb from the charged droplets and pass through a small 
aperture into different pumping steps and finally the analyzer. ESI mass spectra present 
multiply charged ions (M - zH)Z-. The software (MassLynx 3.4) converts the multiply 
charged ions into the real mass of the analyte. As an example, Figure 9.a and b show the 
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Figure 9. (a) Raw data and (b) converted data for C6:Agn with [C6] = 100 µM, [Ag+] = 
300 µM, and [BH4-] = 300 µM. Mass spectra were obtained by using a Micromass 
Quattro LC operated in negative ion mode with 2.5 kV needle and 40 V cone voltage. 
Experimental conditions: (18 M Ω deionized water, air saturated, measurement within a 




2.4 Circular Dichroism. 
Circular Dichroism (CD) is widely used to study conformation changes in 
macromolecules such as proteins and nucleic acids caused by environment, ionic strength, 
pH and temperature changes and also caused by interaction with small molecules.(124) 
CD uses circularly polarized light shown in Figure 10 to study chiral molecules which 
interact differently with left and right circularly polarized light, depending on chiral 
arrangement of dipoles in space. The definition of CD is the absorption (A) difference 
between left (l) and right (r) circularly polarized light: CD = Al – Ar. With CD, 








2.5 Gel Electrophoresis.  
Gel Electrophoresis is a useful technique to separate biological molecules such as 
proteins and DNA according to charge, hydrodynamic radius, and arrangement of 
molecules.(125) An electric field is used to separate charged macromolecules as they 
migrate electrophoretically through entangled gel. DNA is negatively charged due to the 
phosphate backbone. Thus, an electric field will cause DNA to migrate. Different gels 
such as polyacrylamide and agrose have different size pores through which 
macromolecules migrate with different rates. Polyacrylamide gels of varied concentration 
were used for electrophoresis. The gels contained 20 mL of acrylamide 40 % stock 
(Acrylamide:Bis-acrylamide (29:1) and Fisher scientific), 1.25 mL of 80 % glycerol 
(Fisher scientific), 500 μL of 10 % ammonium persulfate (Fisher scientific), 50 μL of 
TEMED (N,N,N’,N’-Tetramethylenediamine, Fisher scientific), 4 mL of 5X TBE 
[Tris/Borate/EDTA(ethylenediaminetetraacetic acid)] and 14.25 mL of deionized water. 
Ammonium persulfate and TEMED were used for polymerization of acrylamide. The 
dimensions of the gels were 20 cm in length and height, 1.5 mm in thickness. The buffer, 
0.5X TBE was used to run the gels. The gels were placed in a cold room to minimize 
band diffusion and its temperature was constant at 4°C. Before the samples were loaded, 
the gel was run for 30 minutes in order to remove acrylamide monomers. 50 μL of 
Cm:Agn samples ([Cm] = 250 μM and [Agn] depends on the length of polycytosines) and 
10 μL of 2 M sucrose (Fisher scientific) were mixed in order to prevent the samples from 
dissolving into the 5X TBE buffer (running buffer) and loaded in each lane of the gel. 
The dye, bromophenol blue mixed with 2 M of sucrose was placed in one of the lanes in 
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the gel to determine when the run needed to be stopped. The gel was run for 24 hours at 
80 V under constant voltage mode. After the run was stopped, a fluorescence gel scanner 
was used to image the Cm:Agn in the gel. This image is taken by using 635 nm excitation 
and 650 nm long pass filters. After the fluorescence bands were cut with a razor blade, 
they were suspended in deionized water so that the sample diffused out of the gel into the 
water. The sample solution was centrifuged for an hour to remove sediments (sucrose 
used to dissolve the sample). After the supernatants were extracted, they were poured into 
a filter attached to a centrifuge tube. In this case, the 3kDa cut-off filter was used since 
the mass of C12 is 3407Da. They were centrifuged for 100 minutes with 14000g and 
about 50 μL of C12:Agn solution remained in the filter was sent to mass spectroscopy 
facility for analysis.   
 
2.6 Fluorescence Imaging of Cm:Agn. 
Single molecules of silver nanoclusters (Cm:Agn) were imaged on a cover slip after 
immobilization in poly(vinyl alcohol) (PVA) thin films. With the right ratio of 
concentrations of molecules to PVA, the single molecules can be imaged and are shown 
in the insert of Figure 11.  The cover slides were cleaned by sonicating them in 1M 
NaOH for 30 minutes, followed by rinsing the cover slides with deionized water, drying 
them with nitrogen gas and putting them in the ozonator for 2 hours. The samples, C7:Agn 
in the inset were prepared by diluting 1 μL of C7:Agn solution in 999 μL of a saturated 
aqueous PVA (poly(vinyl alcohol), 5mg/mL (Acros Organics, 98% hydrolyzed, 
16,000MW) solution. This mixture was then spun coated on a cleaned glass cover slide, 
spinning at 1500 RPM for 1 minute. The samples were then put on an inverted 
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microscope (Olympus, either IX-70 or IX-71) and imaged with a charged-coupled device 
(CCD) camera as shown in Figure 11. A laser or Hg lamp can be used as excitation 
sources. In this case, a Hg lamp was used. The excitation light passes through a band pass 
filter (3) that blocks all wavelengths except the excitation wavelength (510-550 nm). After 
the light is reflected by a dichroic mirror (2), it is focused by an oil-immersion objective 
(Olympus, 100X, 1.4 NA) (1) on the sample. The dichroic mirror is used to reflect the 
excitation wavelength and pass through the emission wavelengths of fluorescence emitted 
by the excited molecules in the sample. The emission light passes through an emission 
filter (5) and is then guided to a CCD camera (Roper Scientific, Micromax or Andor, Ixon) 









Figure 11. Schematic set-up for imaging of Cm:Agn taken by CCD camera using Hg lamp 
excitation. The insert is the image of C7:Agn on PVA film taken by CCD camera, using 
green Hg lamp excitation (510-550 nm). Initial solution conditions: [C7] = 100 µM, [Ag+] 
= 350 µM and [BH4-] = 350 µM.  
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2.7 Confocal Detection of Single Molecules on PVA film. 
Confocal microscopy enables high signal to noise detection of the fluorescence 
emitted by a single molecule. This technique is used to investigate the single molecule 
properties of Cm:Agn molecules in the PVA film discussed in the previous section. The 
Cm:Agn molecules in the PVA film (the sample preparation was the same as the previous 
section) are placed on a scanning stage (MS2000; Applied Scientific Instruments) (1) in 
order to position the molecules accurately to where the detector is aligned. To align the 
detector, the attenuated laser is aligned into the microscope and focused on the cover slide 
and then into the fiber. After the fiber is connected to the avalanched photo diode (APD), 
the x-y axis of fiber coupler is adjusted in order to obtain maximum counts from the APD. 
A continuous wave (CW) or pulsed laser can be used as excitation source. In this case, a 
647 nm CW (Melles Griot, Air cooled Krypton Argon laser) was used. The excitation 
light passes through an excitation filter (4) that blocks all wavelengths except the excitation 
wavelength. After the light is reflected by a dichroic mirror (3), it is focused by an oil-
immersion objective (Olympus, 100X, 1.4 NA) (2) on the sample. After, the emission light 
is passed through an emission filter (5), the emission light is directed to either a CCD 
camera (Roper Scientific, Micromax or Andor, Ixon) (7) or to one or two avalanche 
photodiodes (APD) (Perkin Elmer SPAQ) (9) with the path selector (6). The emission light 
was focused onto two APDs using a fused fiber splitter (8) used as a pinhole and a 50/50 
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Figure 12. Schematic confocal arrangement for experiments of single molecule detection. 
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 The detected single photon counting signals from the APD are digital (TTL) 
positive pulses. Since the single photon counting board (Becker & Hickl SPC-630) can 
only accept a negative pulses and the amplitude of the pulse must be less than 1V, the 
signals out of the APD need to be inverted and attenuated. The board consists of two 
inputs, SYNC and CFD. The synchronization pulses are sent to the SYNC. The APD 
signals are sent to the CFD. In this case, more than one detector was used, thus the 
signals from several detectors were sent to a router (HRT41 Becker & Hickl GmbH) and 
then to the CFD of the board. The signal from one of the two APDs was delayed by at 
least 200 ns using a digital delay (DG535 Stanford Research Systems) to circumvent 
detector and board dead times. Within the BH SPC-630, the CFD and SYNC inputs are 
sent to time-to-amplitude converter (TAC). The APD signals are recorded by the board 
and stored as micro and macro time. The micro time represents the time difference 
between a detected photon and the next arriving synchronization pulse, starting with the 
beginning of the experiment. When the CFD pulse (detected photon) sends a signal to the 
TAC, the voltage starts to increase linearly until the SYNC pulse (synchronization pulse) 
sends a signal to the TAC. This is shown in Figure 13. Logically, it is easier to 
understand that SYNC (synchronization pulse) is a start input to increase the voltage for 
the TAC and the CFD (fluorophore signal) is a stop input for the TAC. However, this 
would start the TAC every synchronization pulse and is a high burden on the electronics. 
Therefore, the CFD (fluorophore signal) is the start input and SYNC (excitation pulse) is 





Figure 13. Diagram of time-to-amplitude converter (TAC).(126) 
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The range of the micro times is defined by the size of the TAC window and determined 
by the delay between two individual synchronization pulses (sync channels). The 
resolution of the micro time depends on either 256 or 4096 channels of the TAC window 
and is calculated by (the micro time range)/ (the number of the channels). By using the 
micro times, the fluorescence decay curve can be obtained.  
On the other hand, the macro time represents the time difference between a 
detected photon and the start of the experiment. As the start button is clicked (start of the 
experiment), the clock starts to tick. When the detected photon from the APD is sent to 
CFD (there’s another clock which is independent of micro time clock), the board registers 
the time of the photon with respect to the time of the start of the experiment and also 
registers which APDs the photon is detected from (channel number). The macro time 
(clock) has a time resolution of 50 ns. Using the macro time, a fluorescence intensity 
trajectory can be constructed by binning the macro time trace. Also, the autocorrelation 
function can be calculated with the macro times. This is very useful for Fluorescence 
Correlation Spectroscopy, which will be discussed later.  
In order to construct an absolute time, the macro time (50 ns resolution) needs to 
be combined with the micro time (25 ps resolution with gain 1). Since the macro time has 
50 ns resolution, the micro time is necessary to obtain higher time resolution.       
For this we expanded on the approach by Weston et al.(127) to use the macro timer as a 
poor stopwatch to determine the number of sync cycles that have passed between two 
photon detection events and replace this value with the more precise value of a multiple 
of the measured sync period. From this value we subtract the micro time to get the 
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absolute time when a photon was detected. After the absolute times for the detector 1 and 
2 are constructed, cross correlation is performed to observe fluorescence 
antibunching.(128)    
 
2.8 Confocal Detection of Single Molecules in Solution. 
Fluorescence Correlation Spectroscopy (FCS) is a powerful technique to study the 
fluorescence of single molecules in solution. With extremely low concentrations of 
molecules (a few molecules in the detection volume), the molecules diffuse in and out of 
the detection volume and that gives rise to fluorescence fluctuations. An FCS set-up is 
shown in Figure 14(a). A continuous wave (CW) or pulsed laser can be used as excitation 
sources. In this case, a 594 nm CW (JDS uniphase, HeNe laser) and a pulsed laser with 
647 nm maximum (PicoQuant, diode laser) were used. The excitation light passes through 
an excitation filter (3) that blocks all wavelengths except the excitation wavelength. After 
the light is reflected by a dichroic mirror (2), it is focused by a water-immersion objective 
(Olympus, 60X, 1.2 NA) (1) into the sample solution. The emission light is passed through 
an emission filter (4) and focused into a fused fiber splitter (5) which acts as a pinhole in 
order to block the emission light not originating from the focal region. Although only one 
detector was necessary for this FCS measurement, two detectors were used to remove the 
peak resulted from the afterpulsing of the detector, thereby yielding faster time 
dynamics.(129) The emission light was focused onto two avalanche photodiodes (6) (APD) 
(Perkin Elmer SPAQ) through the fused fiber splitter. After the signals out from the APD 
were inverted and attenuated, they were sent to the board. The APD signals from 
fluorophores are sent to the CFD. In this case, more than one detector was used, thus the 
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signals from several detectors were sent to router (HRT41 Becker & Hickl GmbH) and 
then to the CFD of the board. The signal from one of the two APDs was delayed by at 
least 1.2 µs using a digital delay (DG535 Stanford Research Systems) due to the dead 
time of the board. Both CFD and SYNC inputs are sent to time-to-amplitude converter 
(TAC). The APD signals are recorded by the board and stored as micro and macro time. 
The fluorescence time trace of Cm:Agn sample on each detector was obtained from the 
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Figure 14. (a) Schematic arrangement for FCS experiments. (b) Close up of laser beam 
exciting the sample in solution. The molecule (red with two gray tails) diffuses into the 
laser beam.   
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3 FLUORESCENCE AND IDENTIFICATION OF Cm:Agn 
 
When sufficiently small to preclude the continuous density of states of the bulk, 
silver nanoclusters can exhibit strong fluorescence from discrete energy levels.(2, 3, 5, 6, 
46) While mass selection and soft landing methods enable control and study few atom Ag 
nanocluster properties,(11, 19-22) such size control in aqueous solutions is greatly 
complicated by aggregation and reactivity. Some success has been reported by using 
poly(amidoamine) dendrimers (PAMAM) and peptides as matrices to create several atom 
silver clusters in aqueous solutions, but only at low concentrations.(13, 23) Since 1960’s 
it has been known that silver ions have strong affinities towards DNA.(90-93) Petty et al. 
demonstrated that the silver ions encapsulated by the 12-base oligonucleotide 5’-
AGGTCGCCGCCC-3’ were reduced by sodium borohydride (NaBH4) to form silver 
nanoclusters and the distribution of the silver cluster size was narrow.(130) This 
particular oligonucleotide was used since it exhibits no intra- or inter-molecular 
interactions. NMR data showed that cytosine (C) has the strongest affinity towards silver 
ions of all the bases (adenine (A), thymine (T) and guanine (G)). It is this primary 
interaction between cytosine and Ag+, the size control and optical properties of the 
resulting encapsulated nanoclusters that are extensively detailed in this thesis.    
3.1 Identification of the different emitting cluster species in C12:Agn.  
At first, optical properties for 12 bases of cytosine (single-stranded C12:Agn) are 
investigated. Reduced solutions of C12:Agn show distinctive emission peaks at 480 nm 
(blue), 525 nm (green), 650 nm (red), and 720 nm (IR) when varying the excitation 
wavelength. Figure 15 shows the excitation and emission spectra of C12:Agn at different 
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excitation and emission wavelengths. Figure 15a shows emission spectra excited at 340 
nm and excitation spectra monitored at 480 nm emission for C12:Agn. C12:Agn shows a 
peak in the excitation spectrum at 340 nm. For the emission spectra excited at 340 nm, 
C12:Agn shows an emission peak at 480 nm. Red emission is observed for fresh solutions 
but for equilibrated solutions (after a few days) no red emission can be observed. The 
reason for this is the kinetics involved in the cluster formation process. This will be 
discussed in a later section. In Figure 15b, the emission spectrum when exciting the 
sample at 440 nm is given. An emission maximum at 525 nm for C12:Agn can be seen. 
For the corresponding excitation spectrum of C12:Agn monitoring at 540 nm emission, 
two peaks at 340 nm and 440 nm were observed. The excitation peak for 340 nm is from 
the tail of the blue emission that also has a substantial contribution at 540 nm. In Figure 
15c, the excitation peak for the red C12:Agn emission is observed at 580 nm and the 
emission maximum is observed at 650 nm. IR emission excited at 640 nm for C12:Agn has 
a maximum at 705 nm as shown in Figure 15d. The excitation spectra show a maximum 
at 660 nm for C12:Agn. To summarize this, C12:Agn shows distinctive emission peaks, 
blue (480nm), green (525nm), red (650nm), and IR (700nm). As shown later, distinctive 
silver nanoclusters give rise to these specific emission spectra.  
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Figure 15.  Emission and excitation spectra for C12:Agn. Gray lines are excitation spectra 
of (a) 480nm (b) 520nm (c) 650nm (d) 700nm emission for C12:Agn with [C12] = 60 µM, 
[Ag+] = 360 µM, and [BH4-] = 360 µM. Black lines are emission spectra excited at (a) 
340 nm (b) 440nm (c) 580 nm (d) 650nm for C12:Agn. Experimental conditions: (18 M Ω 
deionized water, air saturated, measurement 3 days after reduction, stored at room 
temperature under room light, etc). 
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Electrospray Ionization (ESI) is a useful technique to determine the molecular 
mass of large non-volatile biomolecules.(56) It is used to determine the molecular mass 
of biomolecules. Ionization is gentle enough to yield low overall fragmentation charged 
droplets are formed at the tip of a capillary, and the solvent evaporates to form gas phase 
ions.(56) In order to confirm interaction of Ag with C12 and to determine silver 
nanocluster size distributions, electrospray ionization mass spectra of C12:Agn are heavily 
relied upon. Figure 16 shows a typical mass spectrum for C12:Agn. The peaks that appear 
at 3516, 3621, 3728, 3834, 3940, and 4047 amu correspond to C12:Ag1, C12:Ag2, C12:Ag3, 
C12:Ag4, C12:Ag5, C12:Ag6 and C12:Ag7, respectively. The most abundant species in 
C12:Agn is C12:Ag4. The peaks observed next to each C12:Agn (23 amu off) are Na-DNA: 
Agn adducts. This mass spectrum clearly indicates that silver nanoclusters are bound to 
C12. Although the mass spectra cannot distinguish if single Ag clusters or multiple Ag 
clusters are bound to C12, the distribution of silver nanocluster size models as poisson 
distribution and ranges from Ag1 to Ag7. Since the distinctive emission peaks, blue 
(480nm), green (525nm), red (650nm), and IR (700nm) for C12:Agn are characterized and 
the distribution of silver nanocluster size for C12:Agn is determined, each silver 
nanocluster size can be correlated with different emission peaks. 
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Figure 16. Typical electrospray ionization mass spectrum of C12:Agn with [C12] = 60 µM, 
[Ag+] = 360 µM, and [BH4-] = 360 µM. C12 = 3408 amu. Mass spectra were obtained by 
using a Micromass Quattro LC operated in negative ion mode with 2.5 kV needle and 40 
V cone voltage. Experimental conditions: (18 M Ω deionized water, air saturated, 




3.2 Evolution of C12:Agn Spectra. 
Absorption and emission for C12:Agn are recorded with respect to time. Figure 17 
shows time-dependent absorption spectra for C12:Agn. Immediately after BH4- is added, 
no significant absorption is observed above 300nm. C12 itself has an absorption 
maximum at 260nm. The data represented in figure 3 is shown from 300nm to 700 nm 
since we are interested in the cluster absorption spectra. After 30 minutes, there is 
nonzero absorbance from 300 nm to 700 nm with a clear peak at 444 nm. This suggests 
that silver clusters may form. Each spectrum was taken every 30 minutes for 15 hours to 
see the changes. From 0.5 hour to 4.5 hours, the absorption maximum at 444 nm shifts to 
453 nm. Absorption maxima at 340nm, 580 nm, and 670 nm start to appear. At 15 hours, 
absorption maxima at 340nm, 450 nm, 580 nm, and 670 nm are observed. Time-
dependent emission from C12:Agn Figure 18b also shows interesting dynamics. 440 nm 
excitation of C12:Agn (Figure 18b) shows that the green emission (max at 525 nm) 
increases over 17 hours. While, red (max at 650 nm) in Figure 18c and IR emitters (max 
at 720 nm) in Figure 18d increase for a few hours and then decrease over time. Here the 
red and IR emitting species are excited at 580 nm and at 650nm, respectively. Figure 18a 
shows evolution of emission spectrum for C12:Agn excited at 340 nm. As mentioned 
above, emission spectra from 670 nm to 690 nm were not recorded to avoid detector 
damage from the second order of the grating. Blue/green and red/IR emitters can be 
excited by 340 nm simultaneously. Red/IR emission increases for a few hours and 
decreases over time while blue/green emission continuously increases. An isosbestic 
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point at 600 nm in Figure 18a indicates that the red and IR species convert into blue and 
green emitters.  
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Figure 17. Time-dependent absorption spectra for C12:Agn. [C12] = 45 µM,  
[Ag+] = 270 µM, and [BH4-] = 270 µM (18 MΩ H2O). The first spectrum is taken 
immediately after BH4- is added to C12:Ag+ solution. Each spectrum is taken every 30 
minutes.  
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Figure 18. Time-dependent emission spectra for C12:Agn excited at (a) 340 nm (b) 440 
nm (c) 580 nm (d) 650 nm. [C12] = 60 µM, [Ag+] = 360 µM, and  [BH4-] = 360 µM (18 
MΩ H2O). The number shown below each spectrum indicates hours after BH4- is added 
to C12:Ag+ solution.  
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3.3 Identification of Silver Nanocluster Size.   
Gel Electrophoresis is a useful technique for biological molecules such as proteins 
and DNA to separate according to charge, mass, and arrangement of molecules.(131) 
Differences in electrophoretic mobility are used to separate charged macromolecules such 
as DNA. DNA is negatively charged due to the phosphate backbones. Thus, an electric 
field will cause DNA to migrate toward the positive electrode generating an electric field. 
Different gels such as polyacrylamide and agarose have different size pores through 
which macromolecules migrate with different rates. Using gel electrophoresis, different 
polycytosine complexes with different silver nanocluster sizes can be separated (60V 
constant, at 4 °C, running time: 1 and a half day, running buffer: 0.5X TBE, gel: 20% 
polyacrylamide gel, loading volume: 50 μl). Figure 19 shows an image taken from a 
fluorescence image scanner (PhosphoImager, Storm) and the corresponding mass 
spectrum (negative ion mode with 2.5 kV needle and 40 V cone voltage) from the 
recovered band. This image is taken by using 635 nm excitation and 650 nm long pass 
filters. The top band is recovered and concentrated by using centrifugal micro tubes. 
(detail described in section 2.5) The inset in Figure 19 is mass spectrum for the 
corresponding band. There is a small amount of C12:Ag2 present in the spectrum while 









Figure 19. Fluorescence gel image for a band from C12:Agn samples (inset) and the 
corresponding electrospray ionization mass spectrum from the recovery of the bands. 
20% polyacrylamide gel in 0.5X TBE buffer solutions is used to run C12:Agn samples (18 
M Ω H2O and stored in a dark before use (for a day)) for 1 and a half day at 60V in a cold 
room (4 °C). C12 = 3408 amu. Loading volume of the sample is 50 μl per each lane. 
Original conditions: [C12] = 500 µM, [Ag+] = 3 mM, and [BH4-] = 3 mM.  
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It is possible to identify the silver nanocluster sizes by correlating their 
fluorescence with their mass abundance, but greater discrimination is obtained by also 
changing DNA length. Figure 20 shows fluorescence-mass correlation of C8:Agn. Since 
C8:Agn has extremely low blue emission compared to C12:Agn and it has comparable IR 
emission intensities as the red emission, C8:Agn was used for fluorescence-mass 
correlation to help identify blue and IR emitting species through comparison with data on 
C12:Agn. Figure 20a shows green and red emission excited at 440nm (dotted line), and at 
340nm (solid line). To protect the detector, the scan is stopped at 660 nm. As a result of 
this, the IR emission is not fully shown, but no blue emission at 480 nm is observed in 
these shorter DNA strands, with green emission (525 nm) and red (650 nm)/IR (705 nm) 
emission being the dominant peaks. Figure 20b shows strong red (650 nm) emission 
(solid line) excited at 580nm and IR (720 nm and one shoulder appearing around 780nm) 
emission (dotted line) excited at 650nm. From the corresponding mass spectrum of 
C8:Agn in Figure 20c, the cluster distribution ranges from C8:Ag1 to C8:Ag4 with 
essentially no abundance of C8:Ag5. In order to identify the silver cluster size, several 
fluorescence and mass spectra at different times have to be taken. All different 
fluorescent species have different quantum yields and lifetime. Therefore, it cannot be 
concluded that the most abundant cluster has the most intense fluorescence or percentage 
increase/decrease from the fluorescence spectra are proportional to the percentage 
increase/decrease from the mass spectra. Mass and fluorescence spectra of Figure 20d, e, 
and f were recorded 20 hours after the first mass and fluorescence spectra of C8:Agn were 
measured. Figure 20d shows green (525 nm) and red (650 nm)/IR (720 nm) emission 
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excited at 440nm (dotted line). The intensity for green emission increased nearly two fold, 
while red/IR emission excited at 440nm remains essentially unchanged. Blue/green and 
red/IR emission excited at 340nm is also unchanged. In Figure 20e, both red (650 nm) 
emission excited at 580nm and IR emission (720 nm) excited at 650nm slightly decreased 
compared to the previous spectra (Figure 20b). The shoulder appearing around 780 nm 
remains the same as before. The corresponding mass spectrum shows the relative 
abundances have also changed with the most abundant species to higher mass clusters.   
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Figure 20. Mass-fluorescence correlation spectra for C8:Agn with [C8] = 100 µM, [Ag+] = 
400 µM, and  [BH4-] = 400 µM. (a) Emission excited at 340 nm (solid line) and at 440 
nm (dotted line) (b) Emission excited at 580 nm (solid line) and at 650 nm (dotted line) 
(c) Corresponding mass spectrum from fluorescence spectra in (a) and (b). (d) Emission 
spectrum excited at 340 nm (solid line) and at 440 nm (dotted line) 20 hours after the 
previous fluorescence and mass spectra, (a), (b), and (c) were taken. (e) Emission spectra 
excited at 580 nm (solid line) and at 650 nm (dotted line) 20 hours after the previous 
spectra were taken. (f) Corresponding mass spectrum from fluorescence spectra in (d) 
and (e). (g), (h) and (i) are fluorescence and mass spectra 22 hours after the previous 
spectra, (d), (e) and (f) were taken. (g) Emission excited at 340 nm (solid line) and at 440 
nm (dotted line) (h) Emission excited at 580 nm (solid line) and at 650 nm (dotted line). 
(i) Corresponding mass spectrum from fluorescence spectra in (g) and (h). Experimental 
conditions: (18 M Ω deionized water, air saturated, measurement within a day after 
reduction, stored at room temperature under room light, etc).  Mass spectra were obtained 
by using a Micromass Quattro LC operated in negative ion mode with 2.5 kV needle and 




Mass and fluorescence spectra (Figure 20g, h, and I) were recorded 22 hours after the 
second mass and the fluorescence spectra of C8:Agn were measured.  In Figure 20g, the 
green (525 nm) emission excited at 440nm increased by about 30% from the previous 
spectrum in Figure 20d. In addition, blue (480 nm)/green (525 nm) emission excited at 
340nm increased by 80%. Red (650 nm)/IR (720 nm) emission excited at 340nm and 
440nm stay the same as the previous spectrum in Figure 20d. From Figure 20h, both red 
(650 nm) emission excited at 580nm and IR emission (720 nm) excited at 650nm 
continue to decrease from the previous spectra in Figure 20b and e. The shoulder 
appearing around 780nm stays the same. By observing the corresponding mass spectrum 
in Figure 20i, C8:Ag3 is still the most abundant. As the fluorescence intensity for green 
emitters increases in Figure 20g, the abundance for C8:Ag4 increases slightly compared to 
the previous mass spectrum in Figure 20f. As IR (650 nm) emission decreases (Figure 
20h), the abundance for C8:Ag2 continues to decrease compared to the previous mass 
spectrum in Figure 20f.  
To summarize this, as the green emission excited at 440nm continued to increase 
from Figure 20a to g, abundance for C8:Ag4 increased relative to the most abundant 
species. As IR emission (705 nm) excited at 650nm continued to decrease over time from 
Figure 20b to h, the abundance for C8:Ag2 kept decreasing over time relative to the most 
abundant species. The blue emission excited at 340 nm was hardly formed in Figure 20a, 
d and g and the least abundant species is C8:Ag5. Thus, the following silver cluster 
assignment can be suggested: Blue (480 nm), green (525 nm), red (650 nm) and IR (720 
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nm) emitters are Ag5, Ag4, Ag3 and Ag2, respectively. Much more corroborative evidence 
will be presented throughout this thesis to further confirm the size-dependent emission. 
All of these emitters and formed at different times in C12, but C8 appears too short 
to stabilize the Ag5 species. By taking advantage of formation kinetics producing 
different emitters in C12, specific nanocluster sizes can be independently identified using 
correlation of mass spectra with emission spectra as a function of time. To identify the 
blue emitters, mass spectra were taken as the blue emitters became the dominant species. 
A typical mass spectrum and the corresponding emission spectra of C12:Agn are shown in 
Figure 21a and b, respectively. As shown in figure Figure 21a, the dominant peaks are 
Ag4 and Ag5. The corresponding emission spectra were taken 30 minutes before the mass 
spectrum was taken. The dominant emission is blue while the red emission was low due 

























































































Figure 21. (a) Emission spectra excited at 340 nm, 440 nm, 580 nm and 650 nm 30 
minutes before adding another equivalent of BH4- to C12:Agn, [C12] = 60 µM, [Ag+] = 360 
µM, and [BH4-] = 360 µM. Inset is the image of the solution excited with a hand-held 
UV-lamp. (b) The corresponding electrospray ionization mass spectrum of (a).  (c) 
Emission spectra excited at 340 nm, 440 nm, 580 nm and 650 nm for C12:Agn 30 minutes 
after adding 360 µM BH4- to C12:Agn, [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 
µM. Inset is the image of the solution excited with a hand-held UV-lamp. (d) The 
corresponding electrospray ionization mass spectrum of (c). C12 = 3407 amu. 
Experimental conditions: (18 M Ω deionized water, air saturated, measurement 3 days 
after reduction, stored at room temperature under room light, etc). Mass spectra were 
obtained by using a Micromass Quattro LC operated in negative ion mode with 2.5 kV 
needle and 40 V cone voltage. 
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One equivalent NaBH4 was added to the blue emitting solution in Figure 21a and b. After 
30 minutes, the blue emission completely disappeared while the red emission increased 
about 10-fold as the previous spectra (Figure 21c). The corresponding mass spectrum in 
Figure 21d was taken 30 minutes after the emission spectra in Figure 20c were acquired. 
The dominant peaks in the mass spectra after adding extra 1 equivalent mole of NaBH4 
are Ag2 and Ag3 while the Ag5 peak completely disappeared. This strongly suggests that 
the blue emission corresponds to passively oxidized Ag5 and red emission corresponds to 
fully reduced Ag3. IR emission also increases 5-fold upon addition of equivalent NaBH4, 
suggesting that the IR emitters corresponds to Ag2.  Finally, Ag4 might be the green 
emitter due to decrease in the emission and corresponding abundance change in mass 
spectrum. 
Deoxyribose Nucleic Acid (DNA) consists of bases and a sugar-phosphate 
backbone while Peptide Nucleic Acid (PNA) consists of bases and backbone in which 
repeating N-(2-aminoethyl)-glycine groups are linked by peptide bonds. (Figure 22). The 
bases in DNA are linked to the backbone by β-N -glycosidic bonds, while the bases in 
PNA are linked to the backbone by methylene carbonyl linkages. The structures of DNA 
and PNA are quite similar except their backbones. PNA is used to investigate the effect 































































































Figure 22. Structures of Peptide Nucleic Acid (PNA) and Deoxyribose Nucleic Acid 
(DNA).   
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Figure 23a-b shows emission spectra excited at 340 nm and 440 nm and the 
corresponding mass spectra for PNA C12:Agn, respectively. In Figure 23a, the blue 
emission excited at 340 nm is the dominant peak while the green emission excited at 440 
nm is significantly lower than the blue emission. No other fluorescent species are 
observed. The corresponding mass spectrum for PNA C12:Agn in Figure 23b only shows 
two peaks, PNA C12:Ag4 and PNA C12:Ag5 (the dominant species). This further suggests 
that blue emitters are Ag5 and the green emitters are Ag4. 
 Taken together, the gel electrophoresis, correlation of DNA-encapsulted Agn 
emission with mass spectra and PNA results all suggest that Ag2, Ag3, Ag4 and Ag5 are 
IR (720 nm), red (650 nm), green (525 nm) and blue (480 nm) emitters, respectively. 
This cluster assignment with emission is in contrast to the jellium model.(1) The jellium 
model is a model that describes the electronic structure of small metal clusters as strong 
absorptions of few-atom clusters grow smoothly in to the plasmon that is characteristic of 
large metal nanoparticles. Many experiments in the early eighties on alkali metal clusters 
strongly support this model for gas-phase species.(132) This model considers the cluster 
a uniformly positively charged sphere with conduction electrons that can move freely on 
this sphere.(1) This model can be used in the case the valence electrons are loosely bound 
like for alkali and noble metals such as silver and gold.(1) Experimental ionization 
energies decrease with increasing number of atoms per cluster,(73) which is in good 
agreement with theoretical calculations using the jellium model.(75) Related to that fact, 
it was recently shown that the emission energy is correlated with the number of atoms for 
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, in which E
Fermi 
is the Fermi energy of the bulk metal.(52)  
Although our silver cluster assignment cannot be explained with the jellium 
model, this can be explained by determining if silver clusters are oxidized or fully 
reduced. Unlike bulk metals, small metal clusters have discrete electronic states. Thus, 
transitions between the electronic states can occur. The larger the particle is, the smaller 
the energy gap between HOMO and LUMO is. For charged particles such as Ag5 and Ag4 
although the cluster size is larger, the energy gap between HOMO and LUMO is larger. 
Since the positively charged clusters (Ag5 and Ag4) have fewer electrons, there is less 
shielding effect from the nucleus. Thus, the electrons will be closer to the nucleus and 





Figure 23. (a) Emission spectra excited at 340 nm and 440 nm for PNA C12:Agn. (b) The 
corresponding electrospray ionization mass spectrum in (a). PNA C12 = 3034g. PNA 
C12:Agn. Original conditions: [C12] = 50 µM, [Ag+] = 300 µM, and [BH4-] = 300 µM. 
Experimental conditions: (18 M Ω deionized water, air saturated, measurement within a 
day after reduction, stored at room temperature under room light, etc).  Mass spectra were 
obtained by using a Micromass Quattro LC operated in positive ion mode with 2.5 kV 
needle and 40 V cone voltage. 
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3.4 Oxidized and Fully Reduced Silver Emitters.  
In order to investigate whether or not emitting species are fully reduced, C12:Agn 
solutions were purged with N2 (dotted lines in Figure 24) before reduction and kept under 
N2 in a dark room) while the other C12:Agn solution was exposed to air (solid lines in 
Figure 24) before and after reduction. Figure 24 shows the emission spectra of C12:Agn 
excited at 340 nm, 440 nm, 580 nm and 650 nm at several time points during the first 24 
hours after reduction. One hour after reductions (Figure 24a), C12:Agn solution exposed to 
air yields blue emission (max at 480 nm) excited at 340 nm, green emission (max at 525 
nm) excited at 440 nm, red emission (max at 650 nm)  excited at 580 nm and IR emission 
(max at 720 nm) excited at 650 nm, while the C12:Agn solution kept under N2 showed 
five-fold high red emission (max at 650 nm) and IR emission (max at 720 nm) than the 
C12:Agn solution exposed to air. Additionally over the 24-hour observation period, no 
blue or green emitters formed for C12:Agn solution purged with N2. This indicates that the 
blue and green emitters are partially oxidized forms and the red and IR emitters are fully 
reduced.  
Blue (480nm), green (525nm), red (650nm) and near IR (720nm) emission from 
C12:Agn were further investigated in the presence of 100mM NaCl. Cl- will precipitate 
Ag+ from solution as AgCl (Ksp = 1.82E-10).(133), and etch any oxidized Ag 
nanoclusters Thus, emission from any oxidized species should decrease. In Figure 25a, 












































































































Figure 24. Time-dependent emission spectra of C12:Agn excited at 340 nm, 440 nm, 580 
nm and 650 nm. The dotted line indicates C12:Agn purged with N2 before and after 
reduction and the solid line indicates C12:Agn exposed to air before and after reduction. 
(a) 1 hour (b) 4.5 hours (c) 20 hours (d) 24 hours after reduction. Original conditions of 
both solutions: [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. Experimental 




Within 25 minutes after adding NaCl shown in Figure 25b, the blue emission decreases 
significantly (compared to other emission). The green emission excited at 440nm also 
decreases with time. On the other hand, the red emission excited at 580nm increases two-
fold upon upon addition of NaCl and the IR emission excited at 650nm increases four-
fold. After the initial increase (Figure 25c), the longer wavelength emitters also 
eventually decay with time as O2 is presented in solution. According to our hypothesis, it 
is possible for Cl- to remove Ag+ from the oxidized Ag nanoclusters such as C12:Ag4 and 
C12:Ag5 due to precipitation of AgCl. As a result, the blue and green emission decreases 
after addition of NaCl.  
Another way to test whether or not all observed emitters (blue, green, red and IR) 
in Figure 26 are fully reduced is one extra equivalent of NaBH4 is added to C12:Agn 
solution. Figure 26a shows the emission spectrum of C12:Agn solution one week after 
initial reduction. The dominant emission is blue while the red emission was low due to 
the conversion of red species into blue species. After 1 equivalent mole of NaBH4 was 
added to the same solution used for Figure 26a, the blue emission completely disappears 
while the red emission increased about 10-fold (Figure 26b). This is strong indication that 
red and IR emitters are fully reduced.  
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Figure 25. Time-dependent emission spectra of C12:Agn excited at 340 nm, 440 nm, 580 
nm and 650 nm with addition of 100mM NaCl. (a) before adding100mM NaCl (b) 25 
minutes after adding 100mM NaCl (c) 50 minutes after adding 100mM NaCl. Original 
solution conditions: [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. Experimental 
conditions: (18 M Ω deionized water, air saturated, measurement within two days after 
reduction, stored at room temperature under room light, etc). 
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Figure 26. (a) Emission spectra excited at 340 nm, 440 nm, 580 nm and 650 nm 30 
minutes before adding a second equivalent (360 µM) of BH4- to C12:Agn. Original 
solution conditions: [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. (b) Emission 
spectra excited at 340 nm, 440 nm, 580 nm and 650 nm for C12:Agn 30 minutes after 
adding 360 µM BH4- to C12:Agn. Experimental conditions: (18 M Ω deionized water, air 
saturated, measurement within three days after reduction, stored at room temperature 
under room light, etc). 
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3.5 Conclusion 
Emission spectra excited at 340 nm, 440 nm, 580 nm and 650 nm showed distinct 
maxima at blue (480nm), green (525nm), red (650nm), and IR (720nm) wavelengths and 
the silver cluster distribution ranges from Ag1 to Ag7. With electrophoresis, correlation of 
emission with mass spectra and PNA, the Ag cluster sizes were identified with blue 
emitters as Ag5, green emitters as Ag4, red emitters as Ag3, and IR emitters as Ag2. With 
an O2 free environment, Cl- addition, and/or extra reducing agent additions, Ag4 and Ag5 
appear to be partially oxidized while Ag2 and Ag3 are likely fully reduced.  
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4 STABILITY AND DYNAMICS OF Cm:Agn 
 
While characterizing the photophysical properties of Cm:Agn, interesting silver 
nanocluster dynamics were observed. The absorption, emission and mass spectra change 
with respect to time. In order to use this dye for biological applications, dynamics and 
stability need to be investigated and the dynamics need to be controlled.        
4.1  Length-Dependent Ag Cluster Stability in Polycytosine.  
The Stability of Agn is investigated with varying lengths of polycytosines (C6, C8, 
C10, C12 and C24). Due to the kinetic effects of silver clusters, emission spectra of C6:Agn, 
C8:Agn, C10:Agn, C12:Agn and C24:Agn and mass spectra of C6:Agn, C8:Agn, C10:Agn, and 
C12:Agn are taken after they reached equilibrium. The mass spectrum for C24:Agn is not 
shown since clean mass spectra for C24:Agn could not be obtained.  The mass spectrum of 
C6:Agn in Figure 27a show cluster sizes ranging from Ag1 to Ag3 with Ag2 as dominant 
peak. The corresponding emission in Figure 28b spectra show peaks at 650 nm (red) from 
340 nm excitation, 650 nm (red)/ 705 nm (IR) from 440 nm excitation, 650 nm (red) from 
580 nm excitation and 705 nm (IR) from 640 nm excitation. The emission peak at 650 
nm is significantly higher than the emission at 705 nm. The mass spectrum of C8:Agn in 
Figure 27a show cluster sizes ranging from Ag1 to Ag5. The dominant peak is Ag3, while 
Ag5 is hardly formed. The corresponding emission in Figure 28b spectra show peaks at 
500 nm (blue and green) from 340 nm excitation, 525 nm (green) from 440 nm excitation, 
650 nm (red) from 580 nm excitation and 720 nm (IR) from 650 nm excitation. The 
emission peaks at 650 nm and 720 nm are significantly higher than the emission at 500 
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nm. Mass spectra for C10:Agn (Figure 28c) indicate clusters ranging from Ag2 to Ag6 with 
Ag3 as a dominant peak. In Figure 28d, C12:Agn shows emission peaks at 480 nm (blue) 
from 340 nm excitation, 525 nm (green) from 440 nm excitation, 650 nm (red) from 580 
nm excitation and 720 nm (IR) from 650 nm excitation. C24:Agn in Figure 28e shows 
emission peaks at 480 nm (blue) from 340 nm excitation and 525 nm (green) from 440 
nm excitation. While, emission peaks at 650 nm (red) from 580 nm excitation and 720 
nm (IR) from 650 nm excitation were hardly observed from C24:Agn.  
To summarize, after creation and equilibration C6:Agn shows only red (650nm) 
and IR (720nm) emissions, while C8:Agn, C10:Agn, and C12:Agn show distinctive emission 
peaks, blue (480nm), green (525nm), red (650nm), and IR (705nm). C24:Agn yields only 
blue (480nm) and green (525nm) emission. For C6:Agn, red and IR emission appear while 
no blue and green emission are observed. For C8:Agn and C10:Agn, red and IR emission 
are dominant while blue emission are very weak. IR emission intensity from C8:Agn is 
much higher than one from C10:Agn. For C12:Agn,  blue emission dominates while red and 
IR emission are weak. For C24:Agn, blue and green emission are strongest while red and 
IR emission are barely observed. The corresponding mass spectra of these species 
indicate that shorter DNA strands can only stabilize small cluster sizes. Additionally, 
their correlation with emission spectra strongly suggest that the larger clusters give higher 
energy emission. These data further support assignments that blue, green, red and IR 
emitters correspond to Ag5, Ag4, Ag3 and Ag2, respectively. 
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Figure 27. (a) Electrospray ionization mass spectrum of C6:Agn. Original solution 
conditions: [C6] = 100 µM, [Ag+] = 260 µM, and [BH4-] = 260 µM. (b) The 
corresponding emission spectra from C6:Agn excited at 340 nm, 440 nm, 580 nm and 650 
nm. (c) Electrospray ionization mass spectrum of C8:Agn. Original solution conditions: 
[C8] = 100 µM, [Ag+] = 350 µM, and [BH4-] = 350 µM. (d) Emission spectra from 
sample in (c) excited at 340 nm, 440 nm, 580 nm and 650 nm.  (e) Emission spectra of 
C10:Agn. Original solution conditions: [C10] = 100 µM, [Ag+] = 720 µM, and [BH4-] = 
720 µM excited at 340 nm, 440 nm, 580 nm and 650 nm. The samples were dissolved in 
18 M Ω H2O and stored at room temperature under room light. Mass spectra were 
obtained by using a Micromass Quattro LC operated in negative ion mode with 2.5 kV 
needle and 40 V cone voltage. 
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Figure 28. (a) Electrospray ionization mass spectrum of C12:Agn. Original solution 
conditions: [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. (b) Emission spectra 
from sample in (c) excited at 340 nm, 440 nm, 580 nm and 650 nm.  (c) Emission spectra 
of C24:Agn. Original solution conditions: [C24] = 60 µM, [Ag+] = 720 µM, and [BH4-] = 
720 µM excited at 340 nm, 440 nm, 580 nm and 650 nm. The samples were dissolved in 
18 M Ω H2O and stored at room temperature under room light. Mass spectra were 
obtained by using a Micromass Quattro LC operated in negative ion mode with 2.5 kV 
needle and 40 V cone voltage. 
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4.2 Evolution of Spectra.  
To investigate the silver nanocluster formation kinetics, emission spectra for 
Cm:Agn were recorded in time and are shown in Figure 29. In Figure 29a, the green (525 
nm) and red (650 nm)/IR (705 nm) emission excited at 340 nm for C8:Agn are shown. 
The green emission excited at 340 nm increases with time. The red/IR emission excited at 
340 nm also increase until 9 hours after C8:Agn reduction, but continuously decrease after 
that. An isosbestic point is observed at 575 nm, indicating that the red/IR emitters are 
chemically transformed into the green emitter. The green and red/IR emission are also 
observed with 440 nm excitation, as shown in Figure 29b. Similar dynamics for the green 
and red/IR emission excited at 340 nm are observed. The red/IR emission excited at 440 
nm also increases over the first 9 hours after initial BH4- reduction of C8:Agn, but 
subsequently decreases. On the other hand, the green emission continuously increases 
after the reduction of C8:Agn. An isosbestic point is also observed with 440 nm excitation, 
but at 610 nm, suggesting that an intermediate may be involved in the cluster size 
dynamics. Not surprisingly then, Figure 29c and d show that the red emission excited at 
580 nm and IR emission excited at 650 nm also increase until 9 hours after the reduction 
of C8:Agn and continuously decrease afterwards. Time-dependent emission from C12:Agn 
is described in section 3.2. 
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Figure 29. Time-dependent emission spectra for C8:Agn (dissolved in 18 M Ω H2O) 
excited at (a) 340 nm (b) 440 nm (c) 580 nm (d) 650 nm. [C8] = 100 µM, [Ag+] = 350 
µM, and  [BH4-] = 350 µM. The number shown below each spectrum indicates hours 
after BH4- is added to the C8:Ag+ solution. The samples were dissolved in 18 M Ω H2O 
and exposed to a room light. The sample had placed in a sample compartment of a 
fluorometer until all the measurements were over. 
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  C24:Agn produced similar emission dynamics were observed. Figure 30b shows 
the time-dependent emission excited at 440 nm for C24:Agn. The green emission (max at 
525 nm) increases for 17 hours, while, red (max at 650 nm) in Figure 30c decreases over 
time. Near IR emission from C24:Agn (Figure 30d) exhibits an emission maximum was at 
690 nm instead of 720 nm. In spite of the shifted emission peak, IR emitters for C24:Agn 
also decrease over time. Here the red and IR emitting species are exited at 580 nm and at 
650nm, respectively. Evolution of the emission spectrum for C24:Agn excited at 340 nm is 
shown in Figure 30a. Blue/green and red/IR emitters were excited by 340 nm 
simultaneously. Red/IR emission increases for a few hours (not shown in Figure 30a) and 
decreases over time. On the other hand, blue/green emission continuously increases after 
reduction. An isosbestic point was observed at 590 nm, again suggesting that the red and 
IR species are converted into blue and green species. 
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Figure 30. Time-dependent emission spectra for C24:Agn (dissolved in 18 M Ω H2O) 
excited at (a) 340 nm (b) 440 nm (c) 580 nm (d) 650 nm. [C24] = 60 µM, [Ag+] = 720 µM, 
and  [BH4-] = 720 µM. The number shown below each spectrum indicates hours after 
BH4- is added to C24:Ag+ solution. The sample had placed in a sample compartment of a 
fluorometer until all the measurements were over. 
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Similar trends in silver nanocluster dynamics were observed from C8:Agn, C12:Agn and 
C24:Agn. The red emission excited at 580 nm and IR emission excited at 650 nm for 
C8:Agn, C12:Agn and C24:Agn increase for a few hours and decreased afterwards. As 
mentioned in section 4.1 of this thesis, the blue emitters (oxidized Ag5) were not formed 
in C8:Agn due to instability of Ag5 in short lengths of polycytosines. Thus, the green and 
red/IR emission were excited at 340 nm for C8:Agn, while the blue/green and red/IR 
emission were excitable with 340 nm for C12:Agn and C24:Agn. The green and blue/green 
emission excited at 340 nm for C8:Agn, C12:Agn and C24:Agn increase with respect to time, 
while the red/IR emission with 340 nm excitation increases over a few hours and 
decreases afterwards. Isosbestic points were observed from C8:Agn, C12:Agn and C24:Agn. 
The green emission excited at 440 nm for C8:Agn, C12:Agn and C24:Agn increase over 
time. The red/IR emission excited at 440 nm for only C8:Agn increased over a few hours 
and decreased. The isosbestic point (440 nm excitation) was only observed from C8:Agn. 
Two isosbestic points were observed from C8:Agn, while only one  isosbestic point was 
observed from C12:Agn and C24:Agn. The isosbestic points indicate that the red and IR 
emitters turn into blue and green species. Thus, this suggests that under these conditions 
(18 M Ω deionized water, air saturated, at room temperature, within a day, etc), blue and 
green emitters are more stable than red and IR species at least in longer DNA strands. 
The mechanism suggested in section 1.5 (the standard potentials of the silver 
electrode as a function of agglomeration number of silvers) in terms of the stability of 
silver nanoclusters and their dynamics is more or less consistent with our observations 
from Cm:Agn. The red emission (Ag3) decreased over time after they reached to 
maximum. This suggests that the following reaction may occur: Ag3  Ag2 + Ag+ + e-. 
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Through the isosbestic points observed from Cm:Agn, the red/IR (Ag3/Ag2) species 
converted into blue/green species (oxidized Ag5/oxidized Ag4), thereby indicating the 
following reaction may be possible: Ag2 + 2Ag+  Ag42+. In the case of Ag4 for Cm:Agn, 
the oxidation state is yet not known. However, as detailed in section 3.3, our observed 
Ag4 species is likely in a positive oxidation state. Since Cm:Ag4 is also stable, it may be 
possible that Cm:Ag4 is Ag42+. Since Henglen’s work suggests the high stability of Ag42+, 
the question is whether the silver nanocluster dynamics observed from Cm:Agn results 





4.3 Evolution of Circular Dichroism Cm:Agn. 
 In order to investigate the DNA-mediated contribution to silver nanocluster 
formation kinetics, Circular Dichroism (CD) spectra for C8:Agn, C12:Agn and C24:Agn 
were recorded with time after the reduction of Cm:Agn. The CD spectra of Cm are also 
included to show the difference in Cm configurations between Cm with and without silver 
nanoclusters. This comparison can tell us whether or not silver nanoclusters are bound to 
Cm. Since the conformations of Cm remains the same over time, time-dependent CD 
spectra for Cm without Ag are not shown here. Only wavelengths from 200 nm and 350 
nm were monitored due to the weak lamp intensities longer than 400 nm. Figure 31a 
shows the-independent C8 CD spectra and the time-dependent CD spectra of C8:Agn after 
the reduction. For C8, the positive peak around 285 nm and a negative peak around 265 
nm were observed. A positive peak around 285 nm and a negative peak near 260 nm are 
indications of i-motif structures.(134, 135) The C-rich single strands can form base pair 
interactions between cytosine and protonated cytosine.(134, 136) These two cytosine 
base pair interactions are called an i-motif. (134, 136) Since the two peaks around 260 
nm and 285 nm were observed for C8, this suggests that C8 forms i-motif structures. The 
potential I-motif signatures disappear upon addition of Ag+ and reduction produces a 
positive peak around 290 nm and two negative peaks around 265 and 220 nm for C8:Agn. 
The peak at 290 nm decreased from 30 mdeg to 7 mdeg after the silver nanoclusters 
formed with C8 and a new peak appears at 220 from C8:Agn. Thus, this clearly shows that 
the silver nanoclusters interacts with C8.  
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The time-dependent CD spectra for C8:Agn after reduction (Figure 31a) show the 
negative peaks at 220 nm and 265 nm growing in. With time, the negative peaks at 220 
nm and 265 nm increase. The molar ellipticity at 220 nm changes from –27 mdeg (0 
minutes) to –43 mdeg (2.5 hours) and that at 265 nm changes from –8.5 mdeg (0 
minutes) to –24 mdeg (2.5 hours). These intensity changes (16 mdeg for both 220 nm and 
265 nm peaks) suggest that certain conformations (220 nm and 265 nm) become more 
dominant as the silver nanoclusters interact with C8.  
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Figure 31. Time-dependent circular dichroism spectra for (a) C8 (gray line) and C8:Agn 
(black line). Original conditions: [C8] = 10 µM, [Ag+] = 35 µM, and [BH4-] = 35 µM. (b) 
C12 (gray line) and C12:Agn (black line). Original conditions: [C12] = 10 µM, [Ag+] = 36 
µM, and [BH4-] = 36 µM. (c) C24 (gray line) and C24:Agn (black line). Inset shows time-
dependent CD spectra for C24:Agn between 250 nm and 270 nm. Original conditions: 
[C24] = 10 µM, [Ag+] = 72 µM, and [BH4-] = 72 µM. (d) C8:Agn, C12:Agn, and C24:Agn. 
The number shown in the figures indicates hours after BH4- is added to Cm:Ag+ solution. 
Experimental conditions: (18 M Ω deionized water, air saturated, etc). 
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Figure 32.  1H NMR zoom-in spectra for C12:Agn(top) and C12 (bottom). A peak between 
14 and 16 ppm for C12 is indicative for i-motif structure. An i-motif peak is not present in 
C12:Agn. For these spectra, [C12] = 0.93 mM, [Ag+] = 11.16 mM, and [BH4-] = 11.16 mM 
in 90% deionized water and 10% D2O solution. 
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For C12 shown in Figure 31b, positive peaks were observed around 225 nm and 
290 nm and a negative peak was observed at 265 nm. The negative peak around 265 nm 
and the positive peak around 285 nm are again signatures of i-motif structures. This i-
motif structure is also confirmed by NMR (Figure 32). The chemical shift between 15 
and 16 p.p.m. in one-dimensional 1H NMR spectra is signature for i-motif structure.(137-
139) Figure 32 (bottom line) shows the close-up NMR spectrum for C12. The peak 
between 15 and 16 p.p.m. is observed. This suggests that C12 interact by themselves to 
form the i-motif structure. Figure 32 (top line) is NMR spectrum for C12:Agn. For the top 
line in Figure 32, the i-motif peak between 15 and 16 p.p.m. disappeared. Upon 
nanocluster formation, a positive peak at 285 nm and two negative peaks at 225 nm and 
265 nm were observed for C12:Agn, showing a clear conformation change, and 
destruction of the i-motif Ag in supported by NMR (Figure 32). The difference in 
intensities of the peak at 290 nm and at 265 nm between C12:Agn and C12 are 30 mdeg 
and 10 mdeg, respectively.  
Time-dependent CD for C12:Agn (Figure 31b) show the negative peak at 225 nm 
changing from –4 mdeg (immediately after reduction) to –9 mdeg (2.5 hours after the 
reduction), while that peak at 265 nm changes from –2.7 mdeg to –6.7 mdeg (2.5 hours 
after the reduction). Since single stranded DNA is more flexible than double strands, the 
structures of the single strands can be readily changed. Therefore, the small differences 
(within 5 mdeg) are insufficient to say that the conformations are changed drastically 
after the initial reduction occurs. 
 Similar to C12, peaks at 225 and 285 nm (positive peaks) and at 265 nm (negative 
peak) were observed from C24 (Figure 31c). Therefore, C24 also likely forms i-motif 
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structures. However, the i-motif structures similarly disappear after formation of silver 
nanoclusters. The positive peak at 285 nm decreased from 80 mdeg to 15 mdeg, whereas 
the negative peak at 265 nm changed from –45 mdeg to –22 mdeg. The peak observed at 
225 nm for C24 was shifted to 215 nm and a polarity change from positive to negative 
was also observed. These observed changes indicate that C24 conformations also 
significantly change as a result of silver nanocluster formation.  
The time dependence of C24:Agn is similar to that of C12:Agn (Figure 31c). After 
initial reduction of C24:Agn, the peak intensities at 215 nm and 265 nm changed slightly. 
However, as mentioned above, the intensity changes are slight, thereby indicating only 
minor conformation changes.  
 Since silver nanocluster dynamics of were observed via Cm:Agn emission, CD 
spectra for Cm:Agn were taken in order to test if the silver nanoclusters dynamics resulted 
from conformationals change in Cm. As observed above, after initial reduction of Cm:Agn, 
the C12 and C24 ss-DNA conformations did not significantly change with time, while C8 
showed more significant conformational evolution. Clearly the DNA plays an important 
role in nanocluster creation and stabilization, but nanocluster stability is likely an even 
more important factor in determining the final nanocluster distribution under a given set 
of conditions. The strong DNA-Ag interaction stabilizes and seems to protect the 
nanoclusters through interaction with the cytosine bases, but the silver nanocluster 
dynamics are  fundamentally related to stabilities of the silver nanoclusters as suggested 
from Henglen’s work.(85)      
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4.4 Temperature-dependent Optical Properties of Cm:Agn.  
In order to investigate silver nanocluster stability, a temperature-dependent study 
on Cm:Agn was performed. As mentioned above, the emission intensities of distinctive 
emission peaks, blue (480nm), green (525nm), red (650nm), and IR (700nm) for Cm:Agn 
change with time. Thus, the temperature-dependent optical properties for Cm:Agn were 
investigated after different emitters reached equilibrium (5<pH<6, 18 M Ω deionized 
water, air saturated, at room temperature, within a day, etc). The temperature-dependent 
absorption and emission for C8:Agn are shown in Figure 33a. Figure 33b is the absorption 
difference between 50 °C and 20 °C to clearly show the changes in the absorption with 
changing temperature. As temperature increase from 20 °C to 50 °C, absorption at 
wavelengths below 550 nm and above 630 nm decrease, while the absorption between 
550 nm and 630 nm increases with increasing temperature. Isosbestic points at 550 nm 
and 632 nm were observed from temperature-dependent absorption of C8:Agn in Figure 
33a when changing temperature from 20 ºC to 50 ºC. The 550-nm isosbestic point 
suggests that the higher energy absorbers (Ag4 and/or Ag5) are converted to the lower 
energy absorber (Ag3). While the isosbestic point at 632 nm suggests that the lower 
energy absorber Ag2 is converted into Ag3. Figure 33c-f shows the corresponding 
temperature-dependent emission spectra of C8:Agn, excited at 340 nm, 440 nm, 580 nm, 
and 650 nm, respectively. At 340 nm excitation, the blue (oxidized Ag5)/green (oxidized 
Ag4) and red (Ag3) /IR (Ag2) emitters can be observed. The emission intensity for 
blue/green decreases with increasing temperature from 20 ºC to 50 ºC. While, the 
emission intensity for red/IR increases with increasing temperature from 20 ºC to 50 ºC. 
An isosbestic point is observed at 608 nm, suggesting that the blue/green species are 
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converted into red/IR species. This is consistent with the observation from temperature-
dependent absorption (Figure 33b). Figure 33d shows the temperature-dependent 
emission excited at 440 nm, which exhibits the same trend as C12:Agn excited at 340 nm. 
The green emission intensity decreased with increasing temperature. The red/IR emission 
increased with increasing temperature from 20 ºC to 50 ºC. The near isosbestic point at 
626 nm suggests that the green species is converted to red/IR species, again consistent 
with absorption measurements. Figure 33e and f are temperature-dependent emission of 
C8:Agn excited at 580 nm and at 650 nm, respectively. The emission intensity excited at 
580 nm increases with temperature, while emission intensity excited at 650 nm decreases 
with increasing temperature. The observations from the temperature-dependent emission 
of C8:Agn are consistent with the corresponding temperature-dependent absorption shown 
in Figure 33a and b. It appears to be that blue (oxidized Ag5)/green (oxidized Ag4) and IR 
(Ag2) emitters were converted into red (Ag3) emitters under the experimental conditions: 
(18 M Ω deionized water, air saturated, measurement within a day after reduction, etc).  
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Figure 33. (a) Temperature-dependent absorption of C8:Agn. (b) Absorption difference of 
C8:Agn between 50 °C and 20 °C in (a). (c)-(f) Temperature-dependent emission spectra 
excited at (c) 340 nm (d) 440 nm (e) 580 nm (f) 650 nm for C8:Agn. Original conditions: 
[C8] = 100 µM, [Ag+] = 350 µM, and [BH4-] = 350 µM. Experimental conditions: (18 M 
Ω deionized water, air saturated, measurement within a day after reduction, stored at 
room temperature under room light, etc).  The spectra were taken 10 minutes after the 
temperature was set. 
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Temperature-dependent absorption for C12:Agn and C24:Agn are shown in Figure 
34a and Figure 35a, respectively. In the case of temperature-dependent absorption for 
C8:Agn, two isosbestic points were observed at 550 nm and 632 nm. Only one isosbestic 
point at 529 nm for C12:Agn and at 544 nm for C24:Agn are observed. The absorptions at 
shorter wavelengths of the isosbestic points for both C12:Agn and C24:Agn decrease with 
increasing temperature, while the absorption at longer wavelengths of the isosbestic 
points for both C12:Agn and C24:Agn increased with increasing temperature. Thus, this 
suggests that the blue (oxidized Ag5) and green (oxidized Ag4) emitters are converted 
into the red (Ag3) and IR (Ag2) species. The corresponding temperature-dependent 
emission C12:Agn and C24:Agn are shown in Figure 34c-f and Figure 35c-f, respectively. 
For C12:Agn excited at 340 nm and 440 nm shown in Figure 34c and d, blue and green 
emission intensities decreased with increasing temperature. Similar emission trends as for 
C12:Agn were observed for C24:Agn excited at 340 nm and 440 nm (shown in Figure 35c 
and d). Emission intensities for blue and green emitters of C24:Agn also decreased by 
increasing temperature. On the othe other hand, the red and IR intensities excited at 580 
nm and 650 nm for C12:Agn (shown in Figure 34e and f) and for C24:Agn (shown in 
Figure 35e and f) increased with increasing temperature. One can see from Figure 35f 
that the IR emission excited at 650 nm for C24:Agn were shifted to 690 nm instead of 720 
nm observed from C12:Agn. This may be due to the different silver cluster stability with 
different lengths of polycytosine. The temperature-dependent emission from C12:Agn and 
C24:Agn are consistent with the temperature-dependent absorption observed in Figure 
34c-f and Figure 35c-f above. 
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To summarise, the temperature-dependent optical properties observed from 
C12:Agn and C24:Agn are similar. In the case of the temperature-dependent absorption for 
C12:Agn and C24:Agn, one isosbestic point was observed at 529 nm from C12:Agn and at 
544 nm from C24:Agn, with shorter wavelengths having decreased absorption and longer 
wavelengths increased absorption with increasing temperature from 20 °C to 50 °C. The 
temperature-dependent emission for C12:Agn and C24:Agn are consistent with the 
temperature-dependent absorption observed above. The blue and green emission excited 
at 340 nm and 440 nm for C12:Agn and C24:Agn decreased with increasing temperature 
from 20 °C to 50 °C. It appears to be that by increasing temperature (energy), the larger 
clusters such as the blue (oxidized Ag5) and green (oxidized Ag4) emitters may dissociate 
to the smaller clusters such as the red (Ag3) and IR (Ag2) emitters, while in C8, Ag3 may 
be more stable than even Ag2.  
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Figure 34. (a) Temperature-dependent absorption of C12:Agn. (b) Absorption difference 
of C12:Agn between 50°C and 20°C in (a). (c)-(f) Temperature-dependent emission 
spectra excited at (c) 340 nm (d) 440 nm (e) 580 nm (f) 650 nm for C12:Agn. Original 
conditions: [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. Temperature is 
increases by 10°C for (a)-(f) except (b). Experimental conditions: (18 M Ω deionized 
water, air saturated, measurement within a day after reduction, stored at room 
temperature under room light, etc). The spectra were taken 10 minutes after the 
temperature was set.    
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Figure 35. (a) Temperature-dependent absorption of C24:Agn. (b) Absorption difference 
of C24:Agn between 50 °C and 20 °C in (a). (c)-(f) Temperature-dependent emission 
spectra excited at (c) 340 nm (d) 440 nm (e) 580 nm (f) 650 nm for C24:Agn. [C24] = 60 
µM, [Ag+] = 720 µM, and [BH4-] = 720 µM. Experimental conditions: (18 M Ω 
deionized water, air saturated, measurement within a day after reduction, stored at room 
temperature under room light, etc). The spectra were taken 10 minutes after the 
temperature was set. 
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In the case of C8:Agn, two isosbestic points were observed at 550 nm and 632 nm, 
with absorption between the two increasing with temperature. Similar to observations in 
longer strands, the blue (oxidized Ag5)/green (oxidized Ag4) and appear to turn into red 
(Ag3) emitters, but the Ag2 species also appears destabilized with respect to Ag3 at higher 
temperatures.  The silver nanocluster stability with increased temperature (energy) is the 
opposite trend from that suggested from Henglein’s work,(85) and likely results from the 
strong interaction with cytosine. Therefore, Ag-cytosine interactions and possibly DNA 
conformational changes appear to significantly modify Henglein’s observed stabilities. 
DNA conformational contributions are investigated in Cm and Cm:Agn by variable 
temperatures circular dichroism studies. 
4.5 Temperature-Dependent Circular Dichroism Cm:Agn. 
In order to investigate effects of DNA conformation on silver nanocluster 
stabilities, Circular Dichroism (CD) spectra for C8:Agn, C12:Agn, C24:Agn C8:Ag+, 
C12:Ag+, and C24:Ag+ were recorded with increasing temperature. The CD spectra of Cm 
are also included to show the difference in Cm configurations between Cm with and 
without silver nanoclusters. This comparison also indicates whether or not silver 
nanoclusters are bound to Cm. As mentioned above, C-rich single strands can form base 
pair interactions between cytosine and protonated cytosine (i-motif).(134, 136) The 
indications for base pair between cytosine and protonated cytosine in CD are a positive 
peak around 285 nm and a negative peak near 260 nm and is confirmed by a hydrogen 
bonded proton resonance in the NMR spectra (Figure 32) Figure 36a, b and c show the 
temperature-dependent circular dichroism of C8, C8:Ag+ and C8:Agn, C12, C12:Ag+ and 
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C12:Agn, and C24, C24:Ag+, and C24:Agn. C8 in Figure 36a (black lines) shows similar 
trends as C12 in Figure 36b (black lines) and C24 in Figure 36c (black lines). In Figure 
36a-c between 20°C and 40°C, positive peaks around 285 nm and also negative peaks 
around 260 nm were observed from each of C8, C12, and C24.  This may be suggestive that 
C8, C12 and C24 interact with themselves to form base pair between cytosine and 
protonated cytosine.(134, 136) In Figure 36a and b, C8 and C12 begin to change their 
conformation around 50 °C, while for C24, the positive peak at 290 nm shifts slightly to 
287 nm only at 60 °C, again indicative of forming base pair between cytosine and 
protonated cytosine. Gray lines in Figure 36a-c show the temperature-dependent circular 
dichroism of C8:Agn, C12:Agn and C24:Agn, respectively. Clearly, peaks in the CD spectra 
for C8:Agn, C12:Agn, and C24:Agn significantly differ from those of C8, C12, and C24, 
respectively. Negative peaks around 265 nm and 225 nm are observed for C8:Agn (Figure 
36a) and negative peaks around 265 nm and 220 nm are observed for C12:Agn and 
C24:Agn (Figure 36b and c), strongly suggesting that the cytosine-silver nanocluster 
interaction significantly changes the conformation of Cm (C8, C12 and C24). With 
increasing temperature from 20 °C to 60 °C, the conformation for Cm:Agn (C8:Agn, 
C12:Agn and C24:Agn) remains essentially unchanged, even at 60 °C. Temperature-
dependent circular dichroism of C8:Ag+, C12:Ag+ and C24:Ag+ (black lines) in Figure 36a-
c show similar trends as Cm:Agn with greater mole ellipcity for Cm:Ag+, thereby 
indicating that Cm:Ag+ have more ordered structures than Cm:Agn. This suggests that the 
silver nanocluster dynamics observed from temperature-dependent emission of Cm:Agn 
(C8:Agn, C12:Agn and C24:Agn) by increasing temperature can not be as a result of 
conformation changes in DNA. With comparison of temperature-dependent CD for Cm 
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(C8, C12 and C24) to Cm:Agn (C8:Agn, C12:Agn and C24:Agn) and Cm:Ag+ (C8:Ag+, C12:Ag+ 
and C24:Ag+), the interaction between Cm and silver nanoclusters and also silver ions is 






























































































Figure 36. (a) Temperature-dependent circular dichroism spectra for (a) C8 (black lines), 
C8:Agn (gray lines) and C8:Ag+ (black lines) [C8] = 10 µM, [Ag+] = 35 µM, and [BH4-] = 
35 µM. (b) C12 (gray lines), C12:Agn (black lines) and C12:Ag+ (black lines). [C12] = 10 
µM, [Ag+] = 36 µM, and [BH4-] = 36 µM. (c) C24 (gray lines), C24:Agn (black lines) and 
C24:Ag+ (black lines). [C24] = 10 µM, [Ag+] = 72 µM, and [BH4-] = 72 µM. Temperature 
is increased by increment of 10°C.  Experimental conditions: (18 M Ω deionized water, 
air saturated, measurement within a day after reduction, stored at room temperature under 
room light, etc). The spectra were taken 5 minutes after the temperature was set. 
 100 
 
4.6  Stability and Dynamics of Silver Nanoclusters for C8:Agn, C12:Agn and C24:Agn in 
100mM NaCl.  
Ag based fluorophores must overcome significant challenges when utilized as 
biological labels. Perhaps the most daunting is precipitations of silver salts AgCl (Ksp = 
1.82E-10).(133) Biological media typically have > 100 mM Cl-, which is likely to etch 
oxidized Ag clusters from solutions. While simultaneously assaying for cluster stability 
and biological relevance, monitoring fluorescence intensively upon addition of Cl- should 
further indicate oxidation states of each species. Blue (480nm), green (525nm), red 
(650nm) and IR (720nm) emission from Cm:Agn have been investigated by adding 
sufficient NaCl to create Cm:Agn solutions that are 100 mM NaCl. The blue/green 
emission excited at 340nm (black line) observed from C8:Agn (Figure 37a) changes 
significantly even after just five minutes after being brought to 100mM (NaCl) The 
blue/green emission excited at 340nm decreases and shifts to green emission (525 nm). 
As time passes, the green emission excited at 340 nm also decreases. Shown in Figure 
37a, the green emission (530 nm) excited at 440 nm (red line) also decreases with 5 
minutes (red dash line) of NaCl addition (final concentration 100 mM NaCl), and 
continues to decrease with time. Red emission excited at 580 nm (green line), however, 
increases three-fold and the emission wavelength is blue-shifted from 665 nm to 633 nm 
(green dashed line). After 45 minutes (green dotted line), the red emission (633 nm) 
decreased four-fold and continued to decrease with time. Initially near IR emission 
excited at 650nm also increased two-fold with 20-nm blue shift (blue dashed line), and 45 
minutes, the IR (695 nm) decreased nearly two-fold and continued to decrease with time.   
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For C12:Agn (Figure 37b) blue emission excited at 340nm dominates before NaCl 
addition to reach 100 mM NaCl (black line). Within 5 minutes after adding NaCl (black 
dashed line), the blue emission decreased significantly (compared to other emission). The 
green emission excited at 440nm also decreased with respect to time. On the other hand, 
the red and IR emission excited at 580nm and 650nm increased 10-fold. Following the 
initial increase, red emission subsequently decreases with respect to time. The near IR 
emission, however, remains constant for at least 90 minutes.  
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Figure 37. Time-dependent emission spectra of (a) C8:Agn, (b)C12:Agn and (c) C24:Agn 
excited at 340 nm, 440 nm, 580 nm and 650 nm with addition of 100mM NaCl. Before 
bringing solutions to a concentration of 100mM NaCl (solid line), 5 minutes after adding 
NaCl (dashed line), 45 minutes after adding NaCl (dotted line) and 90 minutes after 
adding 100mM NaCl (dash dotted line). In a case of C24:Agn, before adding100mM NaCl 
(solid line), 1 hour after adding NaCl (dashed line), 4 hours after adding NaCl (dotted 
line), 7 hours after adding NaCl (dash dot line) and 1 day after adding 100mM NaCl 
(dash dot dotted line). Original solution conditions: [C8] = 100 µM, [Ag+] = 350 µM, and 
[BH4-] = 350 µM. [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. [C24] = 60 µM, 
[Ag+] = 720 µM, and [BH4-] = 720 µM. Experimental conditions: (18 M Ω deionized 
water, air saturated, measurement within a day after reduction, stored at room 
temperature under room light, etc).  
 103 
 
C24:Agn (Figure 37c) exhibits similar emission trends as for C12:Agn, but the rate 
of emission changes is slowed. One hour after the addition of NaCl (black line), the blue 
emission excited at 340nm decreased 10-fold and are shifted to the green emission 
(525nm). Red emission excited at 340nm also started to appear. The green and red 
emissions subsequently decrease and completely disappear within one day. The green 
emission excited at 440nm is the most dominant of all the emission observed from 
C24:Agn before adding 100mM NaCl (red line). Within an hour after the addition of NaCl 
to C24:Agn (red dashed line), the green emission decreases and continues to decrease for 
one day. The red emission excited at 580nm before adding NaCl (green line) has an 
extremely low intensity compared to blue and green emission. The IR emission excited at 
650nm is barely present. However, within one hour after the addition of NaCl (green 
dashed line), the red emission increases ~ 10-fold and the IR emission increased from no 
emission to ~105 counts/sec. After the initial gain, the red emission decreases over time 
and in one day, the red emission intensities returned to the original intensities (before 
adding NaCl). The IR emission excited at 650nm continued to increase for 7 hours (blue 
dash dot line). Within one day (blue dash dot dot line), the IR emission intensity was 
lower than the intensity at 1 hour (blue dashed line) after adding NaCl. However, the IR 
emission intensity at 1 day is still greater than the original emission intensity (before 
adding NaCl).  
As C8:Agn and C12:Agn are compared with C24:Agn, significant differences in rate 
of emission change are observed. The blue/green emission excited at 340nm for C8:Agn 
and the blue emission excited at 340nm for C12:Agn disappeared within 90 minutes after 
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adding NaCl, while the blue emission excited at 340nm for C24:Agn took one day to 
disappear. The green emission excited at 440 nm for C8:Agn and C12:Agn decreased by 
about 50% within 90 minutes after adding 100mM NaCl. In the case of C24:Agn, the 
green emission excited at 440nm took ~4 hours to decrease by the same amount.  The red 
emission excited at 580nm for C8:Agn and C12:Agn increased within 5 minutes and then 
decreased by 50% (C12:Agn) and by 75% (C8:Agn) from the previous emission intensities 
(5 minutes after adding NaCl) within 90 minutes, while the red emission excited at 
580nm for C24:Agn took 1 hour and 3 hours to increase and decrease, respectively by the 
same amount. The IR emission excited at 650nm for C8:Agn and C12:Agn increased within 
5 minutes after adding NaCl and remained constant for 90 minutes, but subsequently 
disappeared. The IR emission excited at 650nm for C24:Agn increased for 7 hours after 
adding NaCl and decreased by 50% from the 1 hour post addition intensity within a day. 
This suggests that the stability of the emission with addition of NaCl to biologically 
related concentrations for C24:Agn is significantly greater than of the short polycytosine, 
and the rate of change in emission for C24:Agn is diminished compared to that for C8:Agn 
and C12:Agn. As mentioned in section 4.1, this probably results from the length difference 
of the polycytosines. The longer the length of polycytosine is, the better the silver 
nanoclusters are protected from Cl-. A significant point observed from C8:Agn, C12:Agn 
and C24:Agn is that as the blue and green emission excited at 340nm and 440nm for 
C8:Agn, C12:Agn and C24:Agn decrease, the red and IR emission excited at 580nm and 
650nm increase. As previously mentioned, the blue, green, red, and near IR emitters 
appear to correspond to Ag5, Ag4, Ag3, and Ag2, respectively. This NaCl-dependent 
emission observed from C8:Agn, C12:Agn and C24:Agn support assignments of the silver 
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nanocluster size and oxidation state. The blue (oxidized Ag5) and green (oxidized Ag4) 
emitters turn into red (Ag3) and IR (Ag2) emitters. The dynamics of silver nanoclusters 
observed in 100mM NaCl are not consistent with the dynamics observed from time 
dependence in air-saturated, non-buffered, extremely low ionic strength solutions. In 
terms of time dependency, the red (Ag3)/IR (Ag2) emitters converted into blue (oxidized 
Ag5)/green (oxidized Ag4) emitters. The obvious difference in these two experiments is 
the addition of NaCl. As mentioned above, Cl- prefers to bind to Ag+. From NaCl 
observations, the following can be suggested.  As NaCl was added, Cl- may remove Ag+ 
from the oxidized blue (oxidized Ag5) and green (oxidized Ag4) emitters and those blue 
and green emitters might turn into smaller clusters such as Ag3 and Ag2. As a result, the 
emission from blue (oxidized Ag5) and green (oxidized Ag4) emitters decreases, while the 
emission from red (Ag3) and IR (Ag2) increases with respect to time. Since the red and IR 
emitters are fully reduced species, Cl- should not remove reduced silver. However, one 
can see that after the red and IR emission increased, they started to decrease. Another 
possibility is that with addition of Na+, the conformations of Cm may change and silver 
clusters are no longer protected from Cm. Thus, aggregation may occur. To investigate 
whether or not the conformations of Cm change, CD are performed on C8:Agn, C12:Agn 
and C24:Agn before and after bringing solutions to  100mM [NaCl]. 
 
4.7  Conformations of C8, C12 and C24 in 100mM NaCl.  
As mentioned previously, Circular Dichroism (CD) is sensitive to conformation 
changes in DNA. By using CD, we investigated NaCl affects DNA conformation and 
possibly leads to changes in emission intensities for the red (Ag3) and IR (Ag2) emitters. 
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The CD spectra of C8, C12 and C24, displayed in Figure 38 are recorded to compare the 
conformational changes in Cm with the changes in Cm:Agn. As mentioned above, the C-
rich single strands can form base pairs between cytosine and protonated cytosine.(134, 
136) The CD spectra of C8 before (black lines) and after (grey lines) adding NaCl to C8 
are shown in Figure 38a. The CD spectra for C8 in 100mM NaCl solutions were recorded 
1 hour after adding NaCl to C8. The positive peak around 275nm and the negative peak 
around 230nm appeared for both C8 with and without addition of NaCl. Thus, no change 
was observed by adding the NaCl solutions. In a case of C12 and C24 shown in Figure 38b 
and c, the positive peak around 285nm and a negative peak around 260nm before adding 
NaCl were observed. This may indicate that i-motif structures are formed on C12 and C24 
but not on C8. With addition of NaCl to C12 and C24 solutions, the positive peak around 
275nm and the negative peak around 230nm appeared and the positive peak around 
285nm and a negative peak around 260nm disappeared. With addition of NaCl, the i-
motif structures for C12 and C24 disappeared. In fact, in 100 mM NaCl, the CD of all Cm 
species look very similar.  
CD spectra of C8:Agn are shown in Figure 39a. The conformations of C8:Ag with 
and without addition of 100mM NaCl are different from the conformations of C8 with 
and without NaCl. This suggests that the silver nanoclusters interact with C8. The 
negative peaks at 220nm and 265nm were observed for both C8:Agn with and without 
NaCl. In terms of peak intensity, the intensity for C8:Ag with NaCl is 10 mdeg less than 
the intensity for C8:Agn without NaCl. The positive peak at 293nm was observed for 
C8:Agn without NaCl, while the positive peak for C8:Agn with NaCl was shifted to 285nm. 
This suggests that the conformation of C8:Agn changes at least slightly with addition of 
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100mM NaCl. In the case of C12:Agn and C24:Agn (Figure 39b and c), spectra similar to 
these from  C8:Agn are observed. The negative peaks were observed at 225nm and 265nm 
for both C12:Ag and C24:Ag with and without NaCl. The intensity difference between 
C12:Ag with and without NaCl and also between C24:Ag with and without NaCl are 
within 5 mdeg, making determinations of conformational changes difficult.  
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Figure 38. Time-dependent circular dichroism spectra for (a) C8 in pure H2O (black line) 
and C8 in 100mM NaCl (gray line). [C8] = 10 µM. (b) C12 in pure water (black line) and 
C12 in 100mM NaCl (gray line). [C12] = 10 µM. (c) C24 in pure H2O (black line) and C24 
in 100mM NaCl (gray line). [C24] = 10 µM. (d) Cm in pure H2O (black line) and Cm in 
100mM NaCl (gray line). Cm spectra (with 100mM NaCl) were recorded 1 hr after 
adding NaCl to reach 100mM. Experimental conditions: (18 M Ω deionized water, air 
saturated, measurement within a day after reduction, stored at room temperature under 
room light, etc).  
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Figure 39. Time-dependent circular dichroism spectra for (a) C8:Agn in H2O (black line) 
and C8:Agn in 100mM NaCl (gray line). Original conditions: [C8] = 10 µM, [Ag+] = 35 
µM, and [BH4-] = 35 µM. (b) C12:Agn in water (black line) and C12:Agn in 100mM NaCl 
(gray line). Original conditions: [C12] = 10 µM, [Ag+] = 36 µM, and [BH4-] = 36 µM. (c) 
C24:Agn in water (black line) and C24:Agn with 100mM NaCl (gray line). Original 
conditions: [C24] = 10 µM, [Ag+] = 72 µM, and [BH4-] = 72 µM. Cm:Agn spectra (in 
100mM NaCl) were recorded 1 hr after adding NaCl to reach 100 mM. Experimental 
conditions: (18 M Ω deionized water, air saturated, measurement within a day after 
reduction, stored at room temperature under room light, etc).  
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Both intensity differences between C12:Ag with and without NaCl are about 7 mdeg, 
while the positive peak for C24:Ag without NaCl is observed at 295nm and for C24:Ag 
with NaCl disappeared. Therefore, this may indicate that the conformation of C12 and C24 
are changed with addition of 100mM NaCl.  
 With addition of 100mM to Cm:Ag (m = 8, 12 and 24), the blue (480 nm) 
emission excited at 340 nm, and green (525 nm) emission excited at 440 nm decrease, 
while the red (650 nm) emission excited at 580nm and the IR (720 nm) emission excited 
at 650nm increased. To investigate whether or not the decrease in emission intensities for 
the red (Ag3) and IR (Ag2) emitters with addition of 100mM NaCl result from the 
conformational change in DNA structures, CD was used. For C8:Ag, C12:Ag and C24:Ag, 
the conformation change in C8, C12 and C24 were observed. Thus, the decrease in 
emission intensities for the red (Ag3) and IR (Ag2) emitters with addition of 100mM 
NaCl may be due to the conformational change in DNA structures. 
4.8  pH-dependent Emission of Cm:Agn.  
As seen above, the dynamics of silver nanoclusters were observed with 
introducing stimuli such as changing temperature and salt concentrations. In spite of 
absence of the stimulus, the dynamics of silver nanoclusters were still observed with 
respect to time. Since buffer solutions are resistive to changes in pH, buffer solutions can 
make the environment nearly constant. Therefore, buffer solutions were introduced in 
order to control the dynamics of silver nanoclusters. With different pH, the stability of 
silver nanoclusters is also investigated. Besides considering the stability of silver 
nanoclusters, DNA also needs to be stable in buffer medium. Since the pKa value of 
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cytosine is ~4, Cm:Agn solutions were made in citrate buffer solutions with pH 4. Figure 
40a-d shows emission spectra of C8:Agn in citrate buffer solutions with pH 4 (20 mM 
sodium citrate (Na3C6H5O7), Fluka) and 5 (20 mM sodium citrate (Na3C6H5O7), Fluka) 
and in phosphate buffer solutions with pH 6 ([KH2PO4]=90mM and 
[NaOH]=10mM)(140) and 7 ([KH2PO4]=63.2mM and [NaOH]=36.7mM).(140) All the 
emission spectra were recorded 12 hours after the reduction of C8:Agn solutions and are 
shown in the Figure 40 with solid lines. Dashed lines in Figure 40 indicate 4 hours after 
the first emission spectra (solid lines) were taken. The blue/green emission excited at 340 
nm, green emission excited at 440 nm, red emission excited at 580 nm and IR emission 
excited at 640 nm appeared in the emission spectra of C8:Agn between pH 4 and pH 7.  
At pH 4 and 5, the green emission excited at 440 nm is dominant, while red emission 
excited at 580 nm is dominant at pH 6 and 7. The dynamics of blue/green, green, red and 
IR emitters are similar to that of C8:Agn in deionized water shown in Figure 29. At pH 8 
(phosphate buffer, [KH2PO4]=5.2mM and [NaOH]=4.8mM, Figure 41a), significant 
changes in emission become clear. Instead of red emission (650 nm) excited at 580 nm 
being the highest peak, a new peak at 600 nm, emission excited at 520 nm dominates the 
spectrum and 580 nm emission excited at 480 nm is the second highest peak. At pH 10 
([Na2B4O710H2O]=8.3mM and [NaOH]=27mM)(140) and 12 ([Na2HPO4]=32.5mM and 
[NaOH]=35mM)(140) shown in Figure 41b and c, all emission is significantly lower 
(more than 10-fold less than the emission at other pH from 4 to 8). This suggests that at 
basic conditions such as pH 10 and 12, silver nanocluster formation might be disfavored.  
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Figure 40. Emission spectra of C8:Agn at (a) pH 4 (b) pH 5 (c) pH 6 and (d) pH 7. Solid 
lines indicate the emission spectra taken 12 hours after reduction of C8:Agn. Dashed lines 
indicate the emission spectra 4 hours after the first emission spectra (solid line) C8:Agn 
were recorded. [C8] = 100 µM, [Ag+] = 350 µM, and [BH4-] = 350 µM. The samples were 
stored at room temperature in a dark. 
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Figure 41. Emission spectra of C8:Agn at (a) pH 8 (b) pH 10 and (c) pH 12. Solid lines 
indicate the emission spectra taken 12 hours after reduction of C8:Agn. Dashed lines 
indicate the emission spectra 4 hours after the first emission spectra (solid line) C8:Agn 
were recorded. [C8] = 100 µM, [Ag+] = 350 µM, and [BH4-] = 350 µM. The samples were 
stored at room temperature in a dark. 
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In the case of emission spectra for C12:Agn at pH 4 and 5 (citrate buffer) shown in 
Figure 42a and b, the blue emission excited at 340 nm, the green emission excited at 440 
nm, red emission excited at 580 nm and IR emission excited at 640 nm were observed. 
The dynamics of different emitters are similar as the ones observed from C12:Agn in the 
Figure 25. As red and IR emission decrease, the blue and green emission increases. The 
emission intensities of red and IR emitters at pH 5 are five times higher than those at pH 
4. Since the pKa for N3 of cytosine is ~4,(141) this suggests that the red and IR emitters 
may bind to N3, as previously suggested by NMR. At pH 6 and 7 (phosphate buffer), the 
red emission excited at 580 nm and IR emission excited at 640 nm were observed from 
C12:Agn, while the blue emitters were hardly formed and green emission excited at 440 
nm was quite low compared to the red and IR emission, (Figure 42c and d). The 
dynamics of red and IR emitters are similar to those in deionized water. Emission and 
dynamics of silver nanoclusters at pH 8-10 (Figure 43 a-c) were observed (Figure 43a).  
The dynamics of green, red and IR emitters are much slower than the dynamics below pH 
8, however. Above pH 8, the solid lines indicate emission spectra taken 12 hours after the 
reduction of C12:Agn, which is the same as for C8:Agn. On the other hand, the dashed 
lines indicate emission spectra taken a day after the first emission spectra (solid lines) 
were recorded.  
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Figure 42. Emission spectra of C12:Agn at (a) pH 4 (b) pH 5 (c) pH 6 and (d) pH 7. Solid 
lines indicate the emission spectra taken 12 hours after reduction of C12:Agn. Dashed 
lines indicate the emission spectra 4 hours after the first emission spectra (solid line) 
C12:Agn were recorded. Original conditions: [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] 
= 360 µM. The samples were stored at room temperature in a dark. 
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Figure 43. Emission spectra of C12:Agn at (a) pH 8 (b) pH 9 (c) pH 10 and (d) pH 11. 
Solid lines indicate the emission spectra taken 12 hours after reduction of C12:Agn. 
Dashed lines indicate the emission spectra 4 hours for pH 8 and a day for pH 9, 10, 11 
after the first emission spectra (solid line) C12:Agn were recorded. Since the different 
emission of C12:Agn at pH 11 are crowded and hard to distinguish between different 
emission, the emission spectra are shown in color. Original conditions: [C12] = 60 µM, 
[Ag+] = 360 µM, and [BH4-] = 360 µM. The samples were stored at room temperature in 
a dark. 
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Figure 44. Emission spectra of C12:Agn at pH 12. Solid lines indicate the emission spectra 
taken 12 hours after reduction of C12:Agn. Dashed lines indicate the emission spectra 4 
hours after the first emission spectra (solid line) C12:Agn were recorded. Original 
conditions: [C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. The samples were 
stored at room temperature in a dark. 
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Above pH 8 even after a day, the green emission excited at 440 nm, the red emission 
excited at 580 nm and the IR emission excited at 640 nm are still increasing. In contrast, 
below pH 8, the red and IR emission for the second emission scans (dashed line) decrease 
with time (solid lines). At pH 11 ([Na2HPO4]=46.2mM and [NaOH]=7.6mM)(140) 
shown in Figure 43d, the different emitters at 600 nm excited at 520 nm and 580 nm 
excited at 480 nm appear with the red and IR emission. The dynamics of different 
emitters are also slow as seen in pH 9 ([Na2B4O7٠10H2O]=2.3mM and 
[NaOH]=8.4mM)(140) and 10. Although different emission appeared from C12:Agn at pH 
12 (borate buffer) in Figure 44, the emission maximum reached is similar to that at pH 4. 
Therefore, the silver nanoclusters may not be stable at pH 12. Overall, this suggests that 
the dynamics of silver nanoclusters slow down as the solutions become basic except pH 
12 (too basic). Since OH- is abundant at high pH, the solutions are more reducing 
conditions than one at low pH (H+ is abundant). At high pH, the fully reduced species 
such as Ag2 (IR) and Ag3 (red) are less likely oxidized to form the oxidized silver clusters 
such as Ag5 (blue) and Ag4 (green). Therefore, at high pH, the slow silver nanocluster 
dynamics are observed, thereby reducing the conversion from the fully reduced species 
(Ag2 and Ag3) to the oxidized silver clusters such (Ag5 and Ag4). 
 Similar trends as the dynamics and emission of C12:Agn with different pH were 
observed from C24:Agn. At pH 4 and 5 (citrate buffer) shown in Figure 45a and b, the 
blue emission excited at 340 nm, the green emission excited at 440 nm, red emission 
excited at 580 nm and IR emission excited at 640 nm are all observed. The dynamics of 
different emitters are similar as the ones observed from C24:Agn in the Figure 30. As red 
and IR emission decrease, the blue and green emission increases. As observed from the 
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emission of C24:Agn at pH 5 in the Figure 45, the emission intensities of red and IR 
emitters at pH 5 are about five times as higher than at pH 4. As mentioned above that pKa 
for N3 of cytosine is around 4, indicating that the red and IR emitters also bind to N3. At 
pH 6 and 7 (phosphate buffer) shown in Figure 45c and d, the red emission excited at 580 
nm and IR emission excited at 640 nm are observed from C24:Agn, with only weak blue 
and green emission excited at 340 nm and 440 nm, respectively. The dynamics of red and 
IR emitters at pH 6 are similar as the dynamics of C24:Agn in deionized water. While the 
dynamics of red and IR emitters for pH 7 are significantly slowed. Similar slow dynamics 
of the red and IR emitters were also observed from C12:Agn, however only at pH 9. Since 
the red and IR emission intensities increase, the red and IR emitters are not converted into 
blue and green species under higher reducing conditions. As a result, the blue and green 
emission excited at 340 nm and 440 nm decreased with respect to time. At pH 8 
(phosphate buffer) shown in Figure 46a, the new emission maxima at 540 nm from 480 
nm excitation appears beside the green, red and IR emission. As observed from pH 7, the 
dynamics of red and IR emitters at pH 8 slowed down and as mentioned above, the 
blue/green and green emission excited at 340 nm and 440 nm decreased with respect to 
time. At pH 9 and 10 (borate buffer) in Figure 46b and c, similar emission as at pH 8 was 
observed, but the dynamics of green, red and IR emitters are slower than those at pH 8 
since the 550 nm emission excited at 480 nm still increases. Above pH 9, the solid lines 
indicate emission spectra taken 12 hours after the reduction of C12:Agn, which is the same 
as C8:Agn and C12:Agn. On the other hand, the dashed lines indicate emission spectra 
taken a day after the first emission spectra (solid lines) were recorded. Although a day 
had passed, the green emission excited at 440 nm, the red emission excited at 580 nm and 
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the IR emission excited at 640 continue to increase. At pH 11 (borate buffer) shown in 
Figure 46d, the different emitters such as 600 nm excited at 520 nm and 580 nm excited 
at 480 nm also appear with the red and IR emitters. The dynamics of different emitters 
are also slowed relative to those at lower pH. Although blue, green, and 600 nm emission 
were observed from C24:Agn at pH 12 (borate buffer) in Figure 47, the blue emission are 
not only excited by 340 nm but also by 400 nm. This excitation peak (blue emission) for 
C24:Agn was also observed from C12:Agn at pH 12. Although the silver nanoclusters for 
C12:Agn were not stable at pH 12, the silver nanoclusters for C24:Agn at pH 12 seem to be 
more stable.  
 Two aspects in terms of stability of silver nanoclusters and their dynamics were 
observed. One is stability of silver nanoclusters with length-dependent polycytosine 
described in section 4.1. In that section, blue emitters (oxidized Ag5) were not formed 
due to stabilities of the clusters with different polycytosine length. The longer the 
polycytosine is, the easier it is to stabilize larger cluster size. In a case of pH dependent 
emission, all the emission intensities of C8:Agn in phosphate buffer such as pH 6, 7 and 8 
were lower than the emission intensities of C12:Agn in phosphate buffer (pH 6, 7 and 8) 
even though Ag+ concentrations added to C8:Agn (350 uM) and C12:Agn (360 uM) were 
nearly identical. Since the Ksp of Ag3PO4 is 10-17, Ag+ is in competition to bind PO43- vs 
polycytosine. As observed from above that emission appeared from Cm:Agn in phosphate 
buffer, it seems that polycytosine may compete favorably with PO43-. Since the emission 
intensity for C8:Agn was the lowest of all with considering concentrations of Ag+ with 
different length of polycytosine, this suggests that the longer the polycytosine, the better 
Ag+ and Ag are protected. Therefore, the silver nanoclusters formed from C12:Agn and 
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C24:Agn may be well protected compared to the silver nanoclusters formed from C8:Agn, 
thereby producing higher emission intensity from C12:Agn and C24:Agn than from C8:Agn. 
Another intriguing feature observed from pH-dependent emission of C12:Agn and C24:Agn 
is dynamic effect on silver nanoclusters with increasing pH. This is a more reducing 
environment, thus silver nanocluster dynamic especially red emitters is slow.  
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Figure 45. Emission spectra of C24:Agn at (a) pH 4 (b) pH 5 (c) pH 6 and (d) pH 7. Solid 
lines indicate the emission spectra taken 12 hours after reduction of C24:Agn. Dashed 
lines indicate the emission spectra 4 hours after the first emission spectra (solid line) 
C24:Agn were recorded. Original conditions: [C24] = 60 µM, [Ag+] = 720 µM, and [BH4-] 
= 720 µM. The samples were stored at room temperature in a dark. 
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Figure 46. Emission spectra of C24:Agn at (a) pH 8 (b) pH 9 (c) pH 10 and (d) pH 11. 
Solid lines indicate the emission spectra taken 12 hours after reduction of C24:Agn. 
Dashed lines indicate the emission spectra 4 hours for pH 8 and 9 and one day for pH 10 
and 11 after the first emission spectra (solid line) C24:Agn were recorded. Since the 
different emission of C24:Agn at pH 11 are crowded and hard to distinguish between 
different emission, the emission spectra are shown in color. Original conditions: [C24] = 
60 µM, [Ag+] = 720 µM, and [BH4-] = 720 µM. The samples were stored at room 
temperature in a dark. 
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Figure 47. Emission spectra of C24:Agn at pH 12. Solid lines indicate the emission spectra 
taken 12 hours after reduction of C24:Agn. Dashed lines indicate the emission spectra 4 
hours after the first emission spectra (solid line) C24:Agn were recorded. Original 
conditions: [C24] = 60 µM, [Ag+] = 720 µM, and [BH4-] = 720 µM. The samples were 
stored at room temperature in a dark. 
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Due to lack of careful studies on dynamics of silver nanoclusters, their dynamics 
are investigated at different pH (pH 5, 8 and 10). Since C8:Agn is not well protected from 
O2 and from ions in solution, only C12:Agn and C24:Agn are used to study the kinetic 
effects on silver nanoclusters. Figure 48 shows the time-dependent emission of C12:Agn at 
pH 5 (citrate buffer). In Figure 48a, red and IR emission excited at 580 nm and 640 nm 
appear 50 minutes after the reduction of C12:Agn. In Figure 48b, the red and IR emission 
reach maxima 6 hours after the reduction. The blue and red emissions excited at 340 nm 
and the green emission excited at 440 nm also appeared. The blue, green, red and IR 
emissions remain unchanged for two hours and are shown in Figure 48c.  Subsequently, 
the red and IR emissions started to decrease and the blue and green emissions continue to 
increase. 2.5 days after the reduction shown in Figure 48d, the red and IR emissions 
decrease by 70%.  
At pH 8 (phosphate buffer), the red and IR emissions excited at 580 nm and 640 
nm were observed 50 minutes after the reduction of C12:Agn (Figure 49a). The red and IR 
emissions reached maximum intensities 7 hours after the reduction (Figure 49b). The red 
and green emissions excited at 340 nm and 440 nm also appeared at that time. The green, 
red and IR emission intensities stayed constant for 3 hours (Figure 49c). 2.5 days after the 
reduction (Figure 49d), the red and IR emissions decreased by about 30% and 25%, while 
the green emission increased.  
Figure 50 shows the time-dependent emission of C12:Agn at pH 10 (borate buffer). 
Similar emission as those at pH 5 and pH 8 appeared 50 minutes after the reduction of 
C12:Agn. At pH 10, it took 5 days for the red and IR emission intensities to be maximized 
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(Figure 50b). Besides the green emission excited at 440 nm, 570 nm emission excited at 
480 nm also appeared (Figure 50b). As shown in Figure 50c, the green, red, and IR 
emissions remained unchanged for 2 days, while the 570 nm emission excited at 480 nm 
increased. When the dynamics of red emitters of C12:Agn at pH 10 are compared with the 
dynamics of red emitters at pH 5 and 8, the dynamics of the red emitters at pH 10 are the 
slowest of all (pH 5 and pH 8). As mentioned above, high pH is more reducing condition, 
thereby causing the silver cluster kinetics to slow down.    
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Figure 48. Time-dependent emission of C12:Agn at pH 5 (a) 50 minutes (b) 6 hours (c) 8 
hours (d) 2.5 days. Sodium Citrate buffer was used for pH 5. Original conditions: [C12] = 
60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. The samples were stored at room 
temperature in a dark.  
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Figure 49. Time-dependent emission of C12:Agn at pH 8 (a) 50 minutes (b) 7 hours (c) 10 
hours (d) 2.5 days. Potassium phosphate buffer was used for pH 8. Original conditions: 
[C12] = 60 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. The samples were stored at room 
temperature in a dark. 
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Figure 50. Time-dependent emission of C12:Agn at pH 10 (a) 50 minutes (b) 5 days (c) 
one week. Sodium borate buffer was used for pH 10. Original conditions: [C12] = 60 µM, 




The time-dependent emission of C24:Agn at pH 5 (citrate buffer) was also studied. 
Similar dynamics as for C12:Agn are observed from C24:Agn. In Figure 51a, red and IR 
emission excited at 580 nm and 640 nm appeared 50 minutes after the reduction of 
C24:Agn. The red and IR emission intensities of C24:Agn at 50 minutes after the reduction 
are much higher, however, than the corresponding intensities for C12:Agn.  In Figure 51b, 
the red and IR emission reached maximum intensities 150 minutes after reduction. The 
red and IR emissions shown in Figure 51c remained the same for 100 minutes and the 
green emission excited at 440 nm appeared. 3 days after reduction (Figure 51c), the red 
and IR emissions decreased by 80 % and 70 % and the green emission continued to 
increase. The dynamics of the red emitters at pH 5 for C24:Agn are faster than the 
dynamics of the red emitters at pH 5 for C12:Agn.  
At pH 8 (phosphate buffer), the red and IR emissions excited at 560 nm and 640 
nm were observed 50 minutes after the reduction of C24:Agn (Figure 52a). The red and IR 
emissions reached maximum intensities 9 hours after reduction (Figure 52b). The green 
emission excited at 480 nm appeared at that time. The red and IR emission intensities 
remained unchanged for 3 hours shown in Figure 52c and the green emission excited at 
480 nm increased. 2.5 days after the reduction (Figure 52d), the red emission decreased 
by about 25% and the IR emission intensity still remained the same, while the green 
emission increased. At pH 8, the excitation for the green changed to 480 nm and a new 
red emission peak at 620 nm was observed from 560 nm excitation. This is probably due 
to the different silver cluster stability with different lengths of polycytosine under slightly 
reducing basic conditions.  
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Figure 53 shows time-dependent emission of C24:Agn at pH 10 (borate buffer). 
Similar emission to that at pH 5 appeared 50 minutes after the reduction of C24:Agn. At 
1.5 days after the reduction (Figure 53b), the red and IR emission intensities reached 
maximum. The red emission excited at 340 nm, the 570 nm emission excited at 480 nm 
and the 600 nm emission excited at 520 nm all appeared by this time (Figure 53b). In 
Figure 53c, the red emission excited at 580 nm remained unchanged for 4 days, while the 
570 nm emission excited at 480 nm, the 600 nm emission excited at 520 nm and IR 
emission excited at 640 nm increased. At 10 days after the reduction, the red and IR 
emissions decreased, while the 570 nm emission excited at 480 nm and the 600 nm 
emission excited at 520 nm continued to increase.  
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Figure 51. Time-dependent emission of C24:Agn at pH 5 (a) 50 minutes (b) 150 minutes 
(c) 250 minutes (d) 3 days. Sodium Citrate buffer was used for pH 5. Original conditions: 
[C24] = 60 µM, [Ag+] = 720 µM, and [BH4-] = 720 µM. The samples were stored at room 
temperature in a dark. 
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Figure 52. Time-dependent emission of C24:Agn at pH 8 (a) 50 minutes (b) 9 hours (c) 1.3 
days (d) 2.5 days. Potassium phosphate buffer was used for pH 8. Original conditions: 
[C24] = 60 µM, [Ag+] = 720 µM, and [BH4-] = 720 µM. The samples were stored at room 
temperature in a dark. 
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Figure 53. Time-dependent emission of C24:Agn at pH 10 (a) 50 minutes (b) 1.5 days (c) 
5.5 days (d) 10 days. Sodium borate buffer was used for pH 10. Original conditions: [C24] 
= 60 µM, [Ag+] = 720 µM, and [BH4-] = 720 µM. The samples were stored at room 
temperature in a dark. 
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From the time dependent emission of C12:Agn and C24:Agn at various pH (5, 8 and 
10), the following results are found. New species are formed at higher pH, and these 
species (570 nm emission excited at 480 nm and the 600 nm emission excited at 520) are 
more stable in C24. Therefore, they were not shown in the time dependent emission of 
C12:Agn at pH 5, 8 and 10. This different emission abundance is probably due to the 
different silver cluster stability with different lengths of polycytosine under reducing 
conditions.  Another difference is the dynamics of the red emitters. The dynamics of the 
red emitters slowed down under more basic conditions (more reducing condition). The 
slow dynamics of the red emitters were observed from both C12:Agn and C24:Agn. The 
more the pH is basic, the slower the dynamics of the red emitters are.  
4.9 Conclusions 
With comparison of mass spectra and the corresponding emission spectra for C8:Agn 
with ones for C12:Agn, it is suggestive that the longer the polycytosine is, the more stable 
the larger clusters such as Ag5 are. In time-dependent emission spectra, an isosbestic 
point is observed from C8:Agn, C12:Agn and C24:Agn by converting red and IR species 
into blue and green species. CD spectra for Cm:Agn were measured  to investigate if the 
silver nanoclusters dynamics were due to conformation change in Cm. The conformations 
in Cm were not changed with respect to time except C8. This is not conclusive to say that 
the dynamics observed from silver nanoclusters can be due to stabilities of the silver 
nanoclusters. Isosbestic points were observed from temperature-dependent absorption 
and emissions of Cm:Agn. By increasing temperature (energy), the larger clusters such as 
the blue (oxidized Ag5) and green (oxidized Ag4) emitters may dissociate to the smaller 
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clusters such as the red (Ag3) and IR (Ag2) emitters. Cytosine interacts with itself to form 
an i-motif structure.(134, 136, 142) With increase of temperatures from 20 °C to 60 °C, 
the conformation for Cm changes, while the conformation for Cm:Agn remained the same 
even at 60 °C. Therefore, the interaction between Cm and silver nanoclusters is stronger 
than interaction between Cm themselves and the silver nanocluster dynamics observed 
from temperature-dependent absorption and emission of Cm:Agn can not be as a result of 
conformation changes in DNA. By adding NaCl to reach 100 mM NaCl, the blue 
(oxidized Ag5) and green (oxidized Ag4) emitters turn into red (Ag3) and IR (Ag2) 
emitters due to the conformation change in Cm. From pH-dependent emission study of 
C12:Ag and C24:Ag, the dynamics of the red emitters slowed down when pH was more 
basic (more reducing conditions) 
The different dynamics of silver nanoclusters were observed from different 
parameters such as time, temperature, salt and pH. Buffer solutions at higher pH 
(between 7 and 9) are most effective way to control the dynamics of silver clusters. 
Tuning kinetics of emissive species with different pH buffer solution, single molecules as 
well as ensembles for each emitter can be studied separately.  
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5 SINGLE MOLECULE STUDY ON Cm:Agn AND ITS APPLICATION 
 
While myriad dyes exist with varying photophysical properties, (95, 96) organic dye-
based single molecule and even bulk in vivo imaging dynamics studies suffer from low 
probe brightness, poor photostability, (99) and oxygen sensitivity. (101) Advances in 
nanotechnology such as the use of quantum dots (143, 144) have ameliorated some of 
these issues but at the cost of toxicity, (104) broad excitation,(145, 146) power-law 
blinking, (105, 107, 147) and large probe size.(109, 110) While quantum dots are readily 
excited with low intensity sources, their fluorescence exhibits intermittency on all 
timescales, (105, 107, 147) thereby causing problems when utilized for tracking or 
imaging studies. Arising from Auger processes,(148) these photophysical dynamics are 
apparent at all excitation intensities and appear without characteristic times. While 
functionalization, large size (10~20 nm diameter), and cellular uptake are potential 
problems, the strong non-molecular power-law fluorescence intermittency is a major 
drawback of these materials as single molecule reporters.(105, 107, 147) Consequently, 
for both in vitro and in vivo single molecule studies, fluorophores with high emission 
rates and excellent photostability must be identified that are completely devoid of 
blinking on all relevant timescales.  
By combining the virtues of chemistry and nanotechnology, we have developed few-atom, 
molecular scale noble metal nanoclusters as a new class of emitters that simultaneously 
exhibit bright, highly polarizable discrete transitions, good photostability, and small size, 
all within biocompatible scaffolds.(13, 23, 149) Recent observations that DNA 
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encapsulates Ag nanoclusters to yield a range of absorption and emission features 
throughout the visible region, (150) have enabled the detailed investigation of Ag 
nanocluster size and nanocluster interactions with cytosine bases in particular.(149) Here 
we report a new, bright near IR emitting Ag nanocluster created in C12 single-stranded 
DNA (ss-DNA) that shows very high emission rates, excellent photostability, strong 
antibunching, and essentially no intensity fluctuations on experimentally relevant 
timescales. 
5.1  Ensemble photophysical properties of Cm:Agn. 
Due to distinctive fluorescent emission in the blue, green, red and IR, the 
photophysical parameters, quantum yield φF, lifetime τF and absorption coefficient ε for 
C12:Agn have been investigated.  The quantum yield of fluorescence of a molecule of 






nAIQQ =                                   Equation 5.1.1 
were QF is the quantum yield of fluorescence of the molecule of interest and QR is the 
quantum yield of the reference dye. The parameters I, A and n are the total fluorescence 
intensity of the emission spectrum, the absorption and the refractive index of the solution 
in which the molecules are dissolved, respectively. The subscript F and R indicate 
whether the parameters I, A and n are from the molecule of interest or the reference dye. 
At first, φF excited at 340 nm (φF340), 580 nm (φF580) and 650 nm (φF650) for C12:Agn are 
calculated using Coumarin 120,(151) Cresyl Violet(152) and Cyanine Dye(119) as 
references dyes, respectively. Since the absorption at 440 nm is much higher than the 
ones at 580 nm and 650 nm and the corresponding emission excited at 440 nm is much 
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lower than the ones excited at 580 nm and 650 nm, the φF excited at 440 nm is not 
calculated. The φF340, φF580 and φF650 for C12:Agn are 1%, 23%, and 17 %, respectively. 
Since the green and red emitters can both be excited by 375 nm simultaneously, a 375 nm 
pulsed laser was used to determine the lifetimes of both emitters. The different emitters 
were spectrally selected by using a monochromator and monitoring the fluorescence at 
550 nm (for the green emitter) and 650 nm (for the red emitter). The fluorescence was 
collected with a PMT that was attached at the exit of the monochromator. The signals 
from the PMT were sent to a TCSPC board (LifeSpec) together with a synchronization 
pulse from the pulsed laser. In the way a histogram of time differences between the 
pulsed excitation (synchronization pulse) and the arrival of the fluorescence at the PMT 
can be constructed which represents the fluorescence decay. The lifetime for green 
emitters is 400 ps while the lifetime for red emitters shown in Figure 54 consists of 2 
components: One component is 60 % of 483 ps and the other is 40 % of 2.87 ns. Also, the 
lifetime of C12:Agn excited at 640 nm shown in Figure 55 and emission collected at 700 
nm is 2.8 ns. As a result, the nanosecond component of two components obtained from 
375nm excitation is from the IR component. The lifetime for blue emitters excited at 336 
nm was also obtained and it is 3 ns.  
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Time (ns)  
Figure 54. Lifetime measurement of red and IR emitting silver nanoclusters, C12:Agn 
excited at 375 nm. Red line is from C12:Agn and black line is a fit. Lifetime of C12:Agn 
consists of two components: 483 ps (60 %) and 2.87 ns (40 %). 
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Time (ns)  
Figure 55. Lifetime measurement of IR emitting silver nanoclusters, C12:Agn excited at 
647 nm. Red line is an instrument response, gray line is from C12:Agn, and black line is a 
fit. Lifetime of C12:Agn is 2.8 ns.  
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In order to obtain the absorption coefficient of Cm:Agn, Fluorescence Correlation 
Spectroscopy (FCS)(129, 153, 154) was performed on Cm:Agn. Figure 58.a shows the 
fluorescence intensity time traces of a C24:Agn sample dissolved in PBS. An 
autocorrelation can be performed on the fluorescence intensity time traces of C24:Agn to 
obtain the information about the average number of molecules in the detection volume, 
triplet lifetime and diffusion time. The autocorrelation function G11(τ) is defined as 
Equation 5.1.2,  













τ                 Equation 5.1.2 
where F1 is the fluorescence trajectory constructed from detector 1 and <F1> represents 
the average fluorescence. In the top part of the Equation 5.1.2, δF1(t) represents the 
fluorescence intensity at time (t) and δF1(t+τ) is the fluorescence intensity later at time 
(t+τ).(155)  
For the diffusion process of single molecules in solution through a tightly focused 
laser spot, one can obtain values like diffusion time and number of molecules in the 
confocal volume (concentration) from the autocorrelation of fluorescence intensity data 










































111)(                       Equation 5.1.3      
 143 
where N is the average number of molecules in the detection volume, τC is the average 
transit time of the molecule diffusing through the focus (diffusion time) and ω is a term 
related to the z-axis diffusion component in the 3D confocal volume. (154) Besides the 
simple process of diffusion, other processes that contribute to fluorescence fluctuations 
can occur. Figure 56 shows the typical timescales of various processes that lead to 




Figure 56. Autocorrelation curve where 1 is subtracted from the Y-axis. Timescale of 
various fluorescence fluctuation processes that can be obtained from single molecules in 
solution and can be seen in the autocorrelation curve.(154)  
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When only one detector is used, the autocorrelation curve is similar to the dotted 
line shown in Figure 57 due to the afterpulsing from the detector (APD).(129) 
 
Figure 57. Comparison of cross correlation with autocorrelation (1 is subtracted from the 
Y-axis). The peak on the autocorrelation curve is due to the afterpulsing of APD. 
Reproduced from reference (129). 
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To remove the peak resulted from the afterpulsing of the APD, two detectors are 
used and cross correlation is performed on the fluorescence intensity trajectory and is 
shown in Figure 57. The cross correlation function is similar to that in Equation 5.1.2 and 













τ                         Equation 5.1.4 
where F1 and F2 are fluorescence trajectories constructed from detector 1 and 2. (153) 
Figure 58(a) shows the cross correlation curve (black) and fits of the curve (red) of an 
FCS experiment of C24:Agn (Figure 58.a). In order to calculate a concentration of the 
C24:Agn solution, several dilutions of a C24:Agn solution and a Cy5 reference solution of 
known concentration were measured. The Cy5 dilutions are used to calculate the 
excitation volume. This is done by plotting the known concentration of the Cy5 solutions 
versus the number of molecules that was obtained from the cross correlation fits of these 
solutions. Now we know the focal volume and since we also know the absorption of the 
undiluted C24:Agn sample, a concentration and molar extinction coefficient can be 
calculated. A value for ε647 of 3.2E5 L/mole cm and for ε594 a value of 1.95E5 L/mole cm 
for C12:Agn was found in this way. This ε647 value is comparable to that of Cy5. Since 
Cy5 is known as one of the best IR dyes, Cm:Agn can potentially be used for IR dyes and 







































Figure 58. (a) Fluorescence time traces of C24:Ag2 in PBS solution excited with a 647 nm 
pulsed laser using 5 ms of bin time. (b) Raw (unnormalized) cross correlation curve of (a). 
The red line is a fit of the curve. 
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5.2 Single molecule study of Cm:Agn on PVA films. 
Under identical imaging conditions, our near IR emitting nanoclusters appear at least 
twice as bright as Cy5.29 (Figure 59). As the fluorescence quantum yields (0.17 for Ag2, 
0.3 for Cy5.29) and the extinction coefficients (3.2x105M-1cm-1 for Ag2, 2.5x105M-1cm-1 
for Cy5.29) roughly offset, the increased brightness of C12-Ag2 under weak excitation 
(~5W/cm2 incident intensity) likely arises from significant differences in blinking 
dynamics. While the photophysics and blinking of Cy5 fluorophores are well-known (156, 
157) and can be minimized(158) or used to one’s advantage,(157, 159) like all organic 
dyes, O2-sensitivity, moderate photobleaching quantum yields (~10-6), and intensity-
dependent blinking timescales that obscure true dynamics of the system under study, all 
seriously limit application in single molecule studies. Excited at 647 nm under ambient 
conditions, single nanocluster emission rates increase sublinearly with excitation intensity 
(Figure 60.A), presumably due to triplet dynamics. Unlike organic fluorophores, Ag 
nanoclusters show essentially no blinking on experimentally relevant timescales, while 
exhibiting excellent photostability.  At lower excitation intensities (~1kW/cm2), 10kcps is 
readily detected for minutes to hours without any observable blinking. Figure 60.B shows 
an example of a single molecule excited with 633 nm CW excitation (1.5kW/cm2) which 
had a constant total fluorescence intensity of about 20000 counts per second for 1250 
seconds after which the molecule bleached or transitioned into a long off state. Although 
devoid of intensity fluctuations on normal experimental/binning timescales, 
autocorrelation traces of both immobilized molecules (Figure 60.C and Table 1) and 
those free in solution as measured by FCS (Table 1) show fast intensity fluctuations on 
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the tens of microseconds scale. This correlation decay time is a combination of on and off 
times (Equation 3.2.1 and 3.2.2), presumably corresponding to the triplet quantum yield 
and triplet lifetime, respectively.  Further suggesting triplet dynamics, the correlation 
time decreases with increasing excitation intensity (Figure 60.C). As the correlation 
decay is given by equations 3.2.1 and 3.2.2, this often-observed correlation time 
shortening with excitation intensity typically arises from a shortened “on” time (i.e. 
increased rate of intersystem crossing), while not changing τoff. Expected to lengthen the 
off time, oxygen exclusion (10-6 torr) did not alter the correlation decay at any intensity 
level (data not shown). This fast decay component therefore arises from a heavy atom 
effect of silver that enhances the rates both into and out of the triplet level, such that the 
triplet lifetime is faster than quenching by oxygen, yielding the observed oxygen 
insensitivity, fast triplet decay, and extreme photostability. As molecules detected by FCS 
sample vastly different intensities as they traverse different regions of the excitation 
volume, comparing intensity-dependent photophysical parameters with those of 
immobilized species is problematic. The similar correlation decays to those of 
immobilized molecules (Table 1), however, indicates that aqueous and immobilized 
molecule photophysics are very similar, even with the increased range of motion 
available in solution. Consequently, long time photophysics and parameters are extracted 
only from immobilized species, with the understanding that these appear similar to those 
free in solution. 
With increased excitation intensity, emission rates continue to increase to levels 
unattainable with current organic fluorophores in aqueous solutions, and without 
bleaching. These higher excitation intensities yield upwards of 200,000cps (detected), but 
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at the expense of blinking with long on and off times that are easily discriminated by a 
single threshold (Figure 60.E), but the number of events is currently too low to determine 
consensus time scales. Currently thought to be a multi-photon process based on higher 
power pulsed data, more extensive intensity dependent long-time blinking dynamics will 
be reported in a future publication. With cw excitation, the long off times are quite rare 
and only appear at the very highest excitation intensities, further suggesting multiphoton 
origins.  While emission rates and photostabilities are more reminiscent of much larger 
semiconductor quantum dots than of organic fluorophores, the single exponential 
blinking dynamics only on very fast timescales demonstrates that these are molecular 
species that should improve on the problematic power-law blinking of quantum dots 
(105) for single molecule tracking studies.   
Modeling observed photophysics by a three level system at all intensity levels, one 
can directly extract τon and τoff, and consequently the intersystem crossing rate constant, 
kisc, from fitting the correlation function (C(t), with correlation time τc) coupled with 
independently measured relevant experimental and molecular photophysical parameters 
(Eq. 3.2.1-4).(160) 
 
C(t) = A+Be-t/τc                                                                              Equation 3.2.1 
1/τc = 1/τon + 1/τon                                                                   Equation 3.2.2 
τon/τoff = A/B                                                                     Equation 3.2.3 
kisc= ΦflΦeff/τflτonIon                                                                         Equation 3.2.4 
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In these equations, Фfl is the fluorescence quantum yield (0.17), Фeff is the experimental 
detection efficiency (0.05), τfl is the fluorescence lifetime, τon and τoff are the on and off 
times, and Ion is the intensity/bin while in the “on” state.  
Extracted intensity dependent molecular photophysical parameters were similar for 
both 647-nm and 633-nm cw excitation (Table 1). Interestingly, the shortened correlation 
decay at high excitation intensities results from not only the expected decreased on time 
(i.e. more cycles through the excited singlet state/second), but also a decreased off time. 
Both excitation wavelengths at high enough incident intensity shorten the triplet lifetime, 
thereby enabling more photons/second to be obtained from individual molecules. 
Intrinsic triplet lifetimes are ~30 μs, but decrease to below 10 μs for the highest excitation 
intensities, significantly increasing the duty cycle (rate) of emission. In other words, 
instead of having to wait for some long time for the triplet to decay, triplet-triplet 
absorption and back intersystem crossing significantly shortens the off time yielding 
many more excitation cycles/second to be achieved. 
The value of τon naturally decreases with increasing excitation intensity, yielding an 
average kisc of 3.3x107 s-1. This relatively high intersystem crossing rate indicates a triplet 
quantum yield of ~0.9% and causes the on time for the highest intensity level to be 
comparable to or shorter than the off time, thereby demonstrating the importance of 
shortening of the dark state lifetime with increasing intensity to yield bright emission. 
Consequently, the actual fluorescence intensity while in the on state is significantly 
higher than the value one obtains from binning the data in long intervals (e.g. 0.1 or 1 
sec). This instantaneous fluorescence intensity is represented in Table 1 as “Burst” 
intensity while the average intensity is the fluorescence intensity in 0.1 second intervals. 
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Figure 60.A shows the evolution of the fluorescence intensity versus excitation intensity 
on a log/log scale. The red connected curve corresponds to 647 nm excitation while the 
black connected curve corresponds to 633 nm excitation. This average emission seems to 
become sub-linear at high excitation intensities and tends toward saturation. The black 
and red scatter points which are not connected to the curves show the “Burst” intensities, 
which increasingly deviate from the average intensities as excitation intensity increases, 
further indicating that the triplet limits the overall emission rate. The detected 
fluorescence at 633 nm is roughly half that of the value detected at 647 nm at the same 
excitation intensity, reflecting the relative molar extinctions at 633 nm and 647 nm 
(Figure 59.B). 
To demonstrate the remarkable photostability, Figure 60.E shows a typical single 
nanocluster excited at 647 nm (23 kW/cm2), that during this 650-sec trace enabled more 
than 108 photons to be collected before it transitioned to a long-lived off state. Assuming 
5% detection efficiency, this corresponds to more than 2x109 emitted photons and > 1010 
excitation cycles. If one uses excitation intensities near 1kW/cm2, intensity traces are 
readily recorded for several hours with virtually no long term blinking. At high excitation 
intensities, we observe occasional transitions into usually recoverable long-lived dark 
states, but due to the length of these off periods, it is difficult to say whether or not we 
observe photobleaching.  At low excitation intensities, typically, the only intensity 
fluctuations on timescales greater than 100μs result from mechanical instability and 
refocusing. 
While blinking is generally accepted evidence of single quantum system 
observation, the apparent lack of intensity fluctuations at low excitation intensity and 
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achievable extremely high emission rates seemingly contradict our assertion that these 
are single molecules. Consequently, using two detectors in a Hanbury Brown-Twiss 
setup,(161) and introducing a delay between the two APD channels of 4.9 microseconds, 
we time-stamped the arrival times of all photons detected in both channels and performed 
a cross correlation, which shows excellent antibunched emission(23) from Ag2 species at 
all observed emission rates (Figure 60.D, right panel).  Cw antibunching requires extreme 
photostability and high emission rates, further indicating the promise of these materials, 













Figure 59. The fluorescence image of (a) C12:Ag2 and (b) Cy5 on PVA film excited by 
red Hg lamp. The structure of Cy5 is shown below the image of Cy5.  
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Figure 60. A) Fluorescence intensity versus excitation intensity curves for 647 nm (red) 
and 633 nm excitation (black). The connected scatter points correspond to the average 
fluorescence intensity while the unconnected scatter points correspond to the burst 
fluorescence intensity level in the on period. The latter is only presented for the three 
highest fluorescence intensities. B) Fluorescence intensity trajectory of a single C12-Ag2 
molecule excited at 633 nm CW excitation and an excitation intensity of 1500 W/cm2. C) 
Autocorrelation traces of the three brightest intensity levels from (D). The numbers from 
1 to 3 correspond to the levels indicated in figure 2D. The autocorrelation curves were 
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constructed using bin times of 100 ns and curves 2 and 3 are vertically offset by 0.5 and 
1.0, respectively for clarity. D) Fluorescence intensity trajectory of a single molecule 
excited with cw 647 nm as incident intensity is changed from 67 to 230, 670, 3000, 7200 
and 23000 W/cm2. Vertical lines demarcate intensity changes. The right panel of (D) 
shows the zero-delay portion (one channel is artificially delayed by ~4.9ms with a 
Stanford Research Systems DG-535 delay generator to avoid detection dead times) of the 
photon arrival cross correlation of a molecule excited with 23000 W/cm2 using a bin time 
of 1 ns. This region shows the antibunching feature of the fluorescence from the singlet 
excited state. E) Fluorescence intensity trajectory of a single C12:Ag2 molecule excited at 
647 nm CW excitation using an excitation intensity of 23000 W/cm2. 
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Table 1. Experimental and extracted photophysical parameters from C12:Ag2 emitters.  










τoff (μs) τon (μs) kISC (s-1) ФISC 
647 6.72E+01  2631      
647 2.28E+02  7700      
647 6.72E+02  17481      
647 1.13E+03 11.67 31386 57348 19.58 28.88 3228000 0.0084 
647 3.04E+03 9.41 33030 73256 18.06 19.63 3332000 0.0087 
647 7.22E+03 6.39 67169 261257 10.33 16.77 3728000 0.0097 
647 2.28E+04 3.09 128106 596231 5.54 7.00 3593000 0.0094 
647 2.81E+03 4.88*       
633 4.81E+01  982      
633 1.28E+02  2811      
633 3.73E+02  7918      
633 1.47E+03 20.93 20393 34578 29.32 73.10 2922000 0.0079 
633 4.03E+03 14.78 35969 78094 21.65 46.60 2735000 0.0077 
633 1.34E+04 8.87 60509 173687 13.54 25.69 3665000 0.0110 
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5.3 Conclusions. 
A new type of fluorescent probe, C12:Ag2, was introduced. C12:Ag2 is brighter and 
more photostable than Cy5 which is known to be one of the best IR dyes. Using low 
excitation power, molecules can be monitored for hours, giving bright blinking free, 
stable fluorescence. Fast dynamics in the microsecond range were observed which might 
be related to inter system crossing to the triplet state that seems to be insensitive to 
oxygen. Data from single molecule experiments in solution and in PVA polymer films 
show similar photophysics. The photophysics of this new dye make it a promising 
candidate for single molecule studies in biological applications. 
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6 FUTURE WORK AND OUTLOOK 
In this document an extensive characterization of silver nanoclusters encapsulated 
by polycytosine was performed. The influence of the polycytosine length, pH of the 
solution, buffers, temperature and more on the emission properties was investigated.  
Also a preliminary study of C12:Ag2 on the single molecule level was performed. This 
data showed very promising potential for this molecule as a single molecule dye. 
Several things are still to be explored. 
1. Investigating the effect of different buffers and pH on the emission of individual 
molecules in a PVA film. Related to this, the study of the IR emitting C12:Ag2 
anchored to a surface but submerged in a solution would be interesting to 
compare the performance of the dye versus being immobilized in a polymer film.  
2. The study of the single molecule properties of the different emissive species 
formed in different DNA lengths has to be done to see if there is an influence on 
emission properties. 
3. In order to use this dye for biological applications, uptake studies and toxicity 
studies on living cell have to be performed. Related to this the stability of the 
Cn:Agm in the presence of DNase I has to be investigated. 
4. Mixing in different nucleotides in the DNA like T, G or A or optimizing synthesis 
conditions of the polycytosine DNA in order to try to create only one emissive 
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Figure A-1. Emission spectra excited at 340 nm, 440 nm, 580 nm and 620 nm for C5:Agn. 
This spectrum was taken from fluorometer at Pchem lab in Boggs. (b) The corresponding 
electrospray ionization mass spectrum in (a). C5 = 1384g. C5:Agn. Original conditions: 
[C5] = 120 µM, [Ag+] = 300 µM, and [BH4-] = 300 µM. Experimental conditions: (18 M 
Ω deionized water, air saturated, measurement within a day after reduction, stored at 
room temperature under room light, etc).  Mass spectra were obtained by using a 
Micromass Quattro LC operated in positive ion mode with 2.5 kV needle and 40 V cone 
























































Figure A-2. Emission spectra excited at 340 nm, 440 nm, 580 nm and 620 nm for C6:Agn. 
This spectrum was taken from PTI fluorometer in our lab. (b) The corresponding 
electrospray ionization mass spectrum in (a). C6 = 1673g. C6:Agn. Original conditions: 
[C6] = 120 µM, [Ag+] = 360 µM, and [BH4-] = 360 µM. Experimental conditions: (18 M 
Ω deionized water, air saturated, measurement within a day after reduction, stored at 
room temperature under room light, etc).  Mass spectra were obtained by using a 
Micromass Quattro LC operated in positive ion mode with 2.5 kV needle and 40 V cone 
voltage. Using a self-made origin program, the raw mass spectra data were deconvoluted. 
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Figure A-3. Emission spectra excited at 340 nm, 440 nm and 580 nm for C7:Agn. This 
spectrum was taken from PTI fluorometer in our lab. (b) The corresponding electrospray 
ionization mass spectrum in (a). C7 = 1962g. C7:Agn. Original conditions: [C7] = 100 µM, 
[Ag+] = 350 µM, and [BH4-] = 350 µM. Experimental conditions: (18 M Ω deionized 
water, air saturated, measurement within a day after reduction, stored at room 
temperature under room light, etc).  Mass spectra were obtained by using a Micromass 
Quattro LC operated in positive ion mode with 2.5 kV needle and 40 V cone voltage. 
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Figure A-4. Emission spectra excited at 340 nm, 440 nm, 580 nm and 640 nm for C8:Agn. 
This spectrum was taken from PTI fluorometer in our lab. (b) The corresponding 
electrospray ionization mass spectrum in (a). C8 = 2251g. C8:Agn. Original conditions: 
[C8] = 100 µM, [Ag+] = 400 µM, and [BH4-] = 400 µM. Experimental conditions: (18 M 
Ω deionized water, air saturated, measurement within a day after reduction, stored at 
room temperature under room light, etc).  Mass spectra were obtained by using a 
Micromass Quattro LC operated in positive ion mode with 2.5 kV needle and 40 V cone 
voltage. Using a self-made origin program, the raw mass spectra data were deconvoluted. 
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Figure A-5. Emission spectra excited at 340 nm, 440 nm, 580 nm and 640 nm for C9:Agn. 
This spectrum was taken from PTI fluorometer in our lab. (b) The corresponding 
electrospray ionization mass spectrum in (a). C9 = 2540g. C9:Agn. Original conditions: 
[C9] = 100 µM, [Ag+] = 450 µM, and [BH4-] = 450 µM. Experimental conditions: (18 M 
Ω deionized water, air saturated, measurement within a day after reduction, stored at 
room temperature under room light, etc).  Mass spectra were obtained by using a 
Micromass Quattro LC operated in positive ion mode with 2.5 kV needle and 40 V cone 
voltage. Using a self-made origin program, the raw mass spectra data were deconvoluted. 
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Figure A-6. Emission spectra excited at 340 nm, 440 nm, 580 nm and 640 nm for C10:Agn. 
This spectrum was taken from PTI fluorometer in our lab. (b) The corresponding 
electrospray ionization mass spectrum in (a). C10 = 2829g. C10:Agn. Original conditions: 
[C10] = 100 µM, [Ag+] = 500 µM, and [BH4-] = 500 µM. Experimental conditions: (18 M 
Ω deionized water, air saturated, measurement within a day after reduction, stored at 
room temperature under room light, etc).  Mass spectra were obtained by using a 
Micromass Quattro LC operated in positive ion mode with 2.5 kV needle and 40 V cone 
voltage. 
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Figure A-7. Emission spectra excited at 340 nm, 440 nm, 580 nm and 640 nm for C36:Agn. 
This spectrum was taken from PTI fluorometer in our lab. C36:Agn. Original conditions: 
[C36] = 60 µM, [Ag+] = 1080 µM, and [BH4-] = 1080 µM. Experimental conditions: (18 
M Ω deionized water, air saturated, measurement within a day after reduction, stored at 
room temperature under room light, etc).  Mass spectra could not be obtained from mass 
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